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Etta t<i 

!■ 30, line 2 - ’The HOT function 11 should redd "The NOE 

function". 

2. page 31, line l- chapter should be Labe Led VII, not VI. 

3- page 3 L, third line from bottom: "on time” should be "of time". 

4. page 36 „ third Line from bottom.: "Sirai lar ly the clock, HOI 
fun c tion and NOR function cun be constructed." This sentence 
is not exactly correct. True, the clock and NOT tan be construe- 
tec as in chapter b- However, due to the one unit delay of the 
junction when only a single input is present, the OR as shown 
there w£LL not work. Although this can be corrected by another 
configuration, we will correct it by adding two more transition 
rules, namely (12k2k2) and (2 121301 Ji . The n*w rules cause the 
two-input/two-output property of the Junction to hold even if 
one of the inputs is delayed by one time unit. All other con- 
poaents operate as before. The new OR function is shown below. 
Ita operation can be verified by tracing through its operation 
and remembering that curves {junctions with two dead-enda) also 
have a delay of one unit. 



Ihe Oil Function 
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INFORMATION PROCESSING AND TRANSMISSION IN CELLULAR AUTOMATA* 


Ab s1 ra c t 


A cellular automaton is an iterative array of very simple 
identical information processing machines tailed tel Is, Each cell 
can conmunicate with neighboring tells. At discrete mgeients of 
lime the cells can change from one State to another e? a function 
of the states of the cell and its neighbors. Thus on a global basis t 
the tolSett ion of ceils Is characterized by some type of behavior. 

The goal oF this investigation was to determine just how simple 
the individual tells could be while the global behavior achieved some 
specified criterion of complexity — usually the ability to perform a 
computation or to reproduce some pattern. 

The chief result described In this thesis Is that an array of 
Identical square cells (in two dimensions), each cel? of which com¬ 
municates directly with only its four nearest edge neighbors and 
each of which can exist in only two states, can perform any compu¬ 
tation, This computation proceeds En a straight forward way, 

A configuration is a specification of the states of all the 
cells in some area of the iterative array. Another result described 
En this thesis is the existence of a se1f-reproducing configuration 
in an array of four-staLe cells* A reduction of four states from the 
preuicusly known eight-state case. 

The technique of information processing in Cellular arrays in¬ 
volves the synthesis of some basic components. Then the desired be¬ 
haviors are obtained by the interconnection of these components l A 
chapter on components describes some sets of basic component5. 

Possible applications of the results of this investigation, de¬ 
sert pt ions of some Interesting phenomena {for vanishingly small cells), 
and suggestions for further study are given later. 


*T h i 5 report reproduces a thesis of the same title Submit ted to 
the Dcpartnnent of Mechanical Engineering, Massachusetts Institute 
of Techno-logy, in partial fulfillment of the requirements for the 
degree of Ooctor of Philosophy,, January 15. 1371- 
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i< nrr product ron 

Jus c if ic at ion and Goe Is of this Rjeaearch. 

In the future 1 expec t Co see the development of a ntv, hi.&hly 
interdisc.ipLin.5ity field of Study in this branch of autCenat-a theory 
known as cellular automata. Applications are apparent „ Of course,, 
to parallel processing computers- Codd (1968)* mentions the henefits 
of mass production due to homogeneity of components , the ability to 
Incrementally odd computation power., end self-organising machines. 

Zuse ( 1969 ) and ethers Lave disceased cellular modela of physical 
phenomena and Of physics itself- Von Neumann was planning a neuron" 
like "excitstiQn-threshold-fatigue" “bde 1 0 i hi* cellular automaton 
in connection with the nervous system. These are just a few areas 
of application. 

The usefulness of a cellular model of something often wilt 
depend on the simplicity and uniformity of the cells. Similarly, 
our models of nature appear more useful when they consist of Jorge 
numbers of simple basic components instead of the opposite. For 
example, physicists were once happy to believe the universe to be 
composed of an enormous number of just three basic componentsj protons, 
electrons and neutrons. Their search for the quark is an attempt to 
return ta this condition. Biological cells are another example. 

The goal of this investigation was to determine ho^ simple the 
tells could be while the global behavior of the cellular array achieved 
specified degrees of comp 1 exity as measured by various capacities for 
universality, (This term is discussed later.) In particular, we 
have sought. universel cells with 3 $ few states end neighbors as 
pesaible. 


* References are listed by author and date. 


The chief result was the discovery of a two-d mens ion a L array 
of twO-$tftte cells, each of which could communicate with its four 
cdgft-n0ighfaors (forming a five-cell neighborhood), which possessed 
the ability to perform any esmpuCation (thus forming a untvorsa ,1 
computer *). This result was obtained by showing that the different 
parts of the array could correspond to the parts of a digital com¬ 
puter with infinite Gatingry capacity and also to a Turing machine. 
However T the method involved an initial configuration of states with 
an infinite number of cells in each State, 

The undeEitab]g requirement o£ an infinite initial configuration; 
was eliminated in another cellular ay t Lima ton by allowing another 
state per cell. This three-state universal computer** needed only a 
finite initial configuration. Increases in information Storage Space 
were= obtained by the configuration's "growing" into the surrounding 
n 11 1 os c l'ii 1 ujipue. 

Another successful approach to the finite universal computer 
was by the enlargement of the neighborhood by allowing the four 
corner-neighbors tc also communicate with each cell. The resulting 
two-sente, nine-neighbor automaton functioned similarly CO the above by 
growing into this surround lug space. 

A classical endeavor in this area is to find a configuration in 
an array of simple calls which can reproduce itself by growing a 
construe Cion-arm into the aroa surrounding the configuration. Such 
a configuration is usually also required to be a universal computer. 

A four-state . five-neighbor sftIf-reproducing universal computer was 
found and described--a reduction frota the previously known sighc-stato 
case. 

* En this chapter underlined terms are defined in the Glossary. 

■** The use of such terns as u three -a tate universal computer" should 
be interpreted as "universal computer in an array ot' three-state cells" 
Obviously the total array can have an infinite nutaber of states. 
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Definition o£ Some Terms. 

At this paint the reader can consider cellular automat* to be 
large, two-dimensional iterative arraya of s imp Le , finite-s tAte 
machines, each of which eOnunurtlcstCS with ica four nearest neigh- 
bora. These finite-state machines are called cells - 3n the fol- 
Lowing illustration, small numbers represent She State of each cell. 
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A Tortion of a Cellular Array at Time T 

At discrete moments of time t+1, t+2 , ., . the cel Its are 

allowed to change State according to a set of state trapsition rules r 
A typical such rule is illustrated and explained below, 

l 

1 0 1 —4 3 

1 

A Typical Transition Sir 1 C 

The above rule states that every cell in state ”0 U when Sur- 
rounded fay cells in atatea "1'% J, l M a 11 1” and "2 11 will Assume State 
"3 11 during the next time period. Hot ice that the state of a cell 
at time T+1 depends only On the States of the cell and of its four 
neighbors at time T. A set 0-£ such transition rules defines the 
cellular space. Also, if a cell ever exists in a local state con¬ 
figuration not covered by a. transition rule* then the cell dots tiOf 
change State during the next time step. This convention allows us 
to not list the non-tranattion rules. 

Since the cellular spaces discussed in this thesis are isotropic, 
the following four transition, rules imply each other. Notice that 

12 11 
102-43 10 1—4 3 2 0 1 —>3 i 0 1—*3 

1112 


Equivalent Transition Rules 
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the leilt hand aide of each role la merely a rotated imago of the 
others imp Lying a rota tLon-g-yuma try, one desroe of Isotropy* 
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II. PREVIOUS WORK 

John von Neumann and E. f. Codd have bseis the chief i n v£S t iga to re 
of this area. Their hooks deal with the notions of confutation 
universality and construetion universality. The former notion 
applies to cellular configurations which can per fore. Any cciapu ca b 1 e 
computation,. The results of a computation are interpreted from the 
cellular configuration. Construction is a terra for configurations that 
can "construct" other configurations. Since Moore's Garden-of-Eden 
theorem (Moore 1961} implies the n on -c ons true tab f, 1 i t y of some cen- 
figurations, we will not require the ability to construct any con- 
figuration. Rather * the term universal will Apply if there exists 
some configuration which can construct a new configuration, this new 
configuration being able to compute auy specified computation. Such 
a universal tenstruetor must also be able to construct a copy of itself. 

Von Neumann f s primary interest was in finding a computation 

•■ill : v- 1 : i : :.l :: i: 1 ! n 1 n: K|mi:0 v-.L:. i: L :'-r: :■■.! .J.. :;n: : .. (v:m 

Nfur-ann 196b). His pjjrtlculer solution functioned by growing Oh 
arm which could construct a new passive configuration. An activation 
signal sent along the arm started the now configuration operating. 

His set of transition rules involved a five-neighbor neighborhood 
with twenty-nine States per cell. “The set of transition rules was 
net isclrepic . 

E. F, Codd (1968) reduced the required number of states to 
only eight for the same task. Although his rules possessed no pre¬ 
ferred direction, they did possess a preferred rotation. To explain, 
his rules allowed the automaton to send a symmetric signal down a 
straight arm with the result that when the signal reached the end of 
an arm, a right-hand corner would appear--!, e, the arm bent to the 
right. 

Both von Neumann and Codd worked with the following requirementa : 



ICJ 


1 Thd c e 1 lvl?ir machines are initially configured in a finite region 
C?£ the cellular space. In ether words, only a finite number of 
non-quiescent {see Glossary) cells existed in the initial ccnfigu¬ 
ration. 

2 Construction of new configuration* by a configuration is per¬ 
formed into an initially quiescent re groc of space. This re¬ 
quirement rules out construction by the assembling of parts,. 

Codd (1968) Lias also shown that two states arc sufficient Ear 

universality if the neighborhood is allowed to be greatly increased► 

In particular, he Lari shown that an array of two-state cells with 

eighty-five neighbors each can simulate his universal eight-state 

cells. 

Although it is often true chat the process o£ Simplification 
(here the search for cells with small State count) yields seme, 
other aspect becoming more complex as in the case of trying to 
find minium 1 Turing machines, here the opposite ia true. The 
&utcoats described here are built around a very Swfl11 number 
of configurations (including the universal logic function). Also 
the two-state automaton described later, for example, has only 
three transition rules in comparison to the hundreds of rules for 
the gedd automaton using eight-state cells, 

Smith (196-3, 1969) haa discovered some interesting theorem* 
concerning tl)fl *imu Lationa of Turing machines by cellular automata. 
Although a thif teen-* fate, five-neighbor apace described by him is 
five core eta tee than used by Codd, it can simulate a Turing machine 
in only two rows of the array. In one dimension, with p representing 
the neighborhood sise and q the number of states per cell, Smith has 
found the following one-dimansIona 1 computation universal p x q spaces: 
2JS40, 3Kia, 6x7 , 8x5, 9xA f 12x3, and 14x2. Notice the existence 
of fl universe, 1 space with only two-neighbor cell*. 

£houp {1970) haa considered the design oi integrated circuits for 
uao in ccllulflf arrays. Kot concerning himself with universality, be 
was more interested in efficient imp 1ementations of practical operations. 
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H-Mnie (1961) and Moore {196-1} have studied the liaiLa Lions and 
capabilities o£ tftlLular arrays without regard to the particular 
function. Amoroso, Leiblien and Yarnsda {1969) have attempted the 
definition of a mathematical framework for the formulation: of -ques¬ 
tions concerning uniform arrays of finite-state machines. 

Conway (1970) has invented a game called Life which employes a 
nina-neighher, tVD-f tatt cellular space* E3is game if? described in die 
mathematical games section of a recent issue of the ScicnI; i t i c 
American. William Gosper of MST has shown the computation universality 
of this apace, Beyer (1969) has studied the use of cellular arrays 
for pattern recognition, Minsky 1 * and Papert 1 a petcoptronS ({969} are 
related; to this area. 2!use (1969) has considered the modeling of the 
laws of physics with cellular automata. Smith (197 0) haa related 
formal laoguAgt* and cellular automata. 

Considering &eIf-reproducing patterns apart from computation 
universality'! Edward Fredkin of HIT has described the fo Hewing 
interesting cellular apace. if the states are 0 and 1 and if the 
result state is obtained by taking the sum of the neighbors» nodule 2„ 
then every Initial configuration will reproduce copies of itself about 
the initial configuration, Terry Winograd (1970) generalised this 
result showing that any ne ighborhood t not just the four nearest 
neighbors, a«d any number of -dimensions still yields the same results. 
Further, he has shown that if there are p states 0, l h 2 h p-1 

where p is a prime number, then the Sum of the neighbors -modulo p > 
is a rule that will asSure self-replication of the pattern in a finite 
number of time 3 1eps, 

Further discussion of acme of these- areas will follow Later, 
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III, COMFOKE^ Mio XECiiN iqilEs 
Information Transmission, 


The process of computation requires the capacity to move or 
transmit information, One type of transmission is the self- 
prcpagating signal. For eKample, in the following figure, a signal 
made up of three cells in states 1 and 2 will propagate to the 
right given a suitable set of transition rules. 



Signa1 V ropaga tion 


Wo will use the convention of 1atting both the blank end zero 
represent a coil in the eulescant state. For the above signal to 
move CO the right, the cells ahead of the signal ruast become non- 
quicacent and the ceils currently covered by the signal must become 
quiescent* Thus the following transition rules are needed for the 
propagation to occur, {A five-neighborhood is utwifd.) 


0 0 

0 2 0 —> 0 0 10 -* 0 

0 0 

Ru las for Des tru e Cion Of Signa 1 


0 0 

1 o 0 - ^1 2&0 —2 

2 0 

Rules for Creation of Hew Signal* 


A disadvantage of this type of information transmission is that 
any two-state, five-neighher version of this "wireless" signal will 
necessarily propagate to the sides also* due to Che necessity of the 
following transition tale. The reason for this is that if a sore in 

n 

0 0 1 — >1 
0 

A Necessary Transition Rule 

front of the signal is to become a one, then this rule is needed,. 
However, thiE samp rule also causes zeros adjacent to the Sides and 
bach of the signal to become ones. 


* The left-hand side of any rule cast be rotated 90, 1£10 or 270 degrees 
or mirror-reflotted and rotated giving another valid rule due to the 
assumed isotropy of all automata described herein. 
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Tills d isadvantage dote not stile t for wired propapa Lions, The wire 
is thus On a of the c exponent e of each of our cellular automata * The 
following wire coo figuration is the one actually used for an infinitely 
configured universal computer described later, 
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A TVc-state Wire and Signal 


The gap in the wire is the signal, 
the right the following transition 
0 

0 1 J —^0 
1 

Create Mew (lap 


For this signal to propagate to 

m 1 as a re requ ir ed. 

1 0 

1 0 1 -—> 1 10 1 -—> 1 

1 1 

Fill Id :Vip 


The (leneTal Technique. 

To Show that a set of transition rules is computation universal 
we will illustrate that we can embed a general purpose computation 
system in the array. That f$ ± there is sum* eon figuration of states 
which can simulate the computer system. The direct approach is 
used, since a coc.puta.ticn system can he physically built out of 
wires, transistors, etc. it will he sufficient to show that there are 
configurations (initial assignments of states to the celia 1 that act 
like wires j etc. , which can he interconnected to form, the computation 
eve ten, (This sane approach was used by von Neumann and Codd.) In 
the cases of those cellular automate whose initial configuration 
is finite* we must also provide for extending the information capacity 
by an arbitrary amount. 

[It was claimed by A. M. Turing and is now generally accepted 
that a particular very simple computer with sn unlimited supply of 
tape to writs on and read from can compute any computation that is 
effectively computable. This machine is celled a Turing machine. It 
has been demonstrated that today * a general, purpose eoraputtr.g ran 
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simulate the operation of the Turing machine if their memory capacity 
is mi Lijitfed^ Thu* we will only need to show the ahility to *Imw la to 
an extensible general -purpose computer in the celluJsf attiiy -] 

A complete configuration Kill not be shown. We will oniy show 
that a sufficient set of basic cproponents , such as the above mentioned 
wire, can be configured. In the ease of the universal constructor * 
a moveable construction orm will also be needed. 

Three basic elements ore needed in mogc cases, the two-state 
cate being, the exception. These three elements ate the fanout junc¬ 
tion, the dead-end wire and the extensible tape * The junction Is 
simply the intersection of a vertical wire with a horizontal wire. 

The junction will allow the duplicating or fanning-out of signals--l,e. 
a signal entering any leg of the joneCion will fan out the other 
three logs. The junction will also serve as a universal logic function* 
This- requirement is met if either two or three simultaneous inputs 
(signals) yields no output while some other configuration of simul¬ 
taneous inputs does yield an output. This is verified in each case. 

The dead-end is another basic clement* By using the dead-end 
on two legs of the junction, the curve is obtained. The diode, or 
one-way gate, is created from basic elements as is the crossover* 

The Logic element (analogous to the transistor)* used in great 
nurob-ars connected by wires, curves and crossovers now allows the 
configuration on the array of a Large computation system. The 
extension of infoncsie (on capacity is discussed later. 

The next chapter is an example of the application of these 
techniques. 
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IV. AS EARLY THREE-STATE UNIVERSAL COMPUTER 

In this chap ter it will be shown that a three estate* five 
nci.ghbbr cellular space is curipu ts tion universal, A. 1 though it ta 
shown in the next chapter that two states are sufficient, the three -e ta* 
cellular space was found earlier and well illustrates the techniques 
employed. 

the three states will be represented by the symbols 2 , l and 
blank space or garo. The first of several needed useful a laments 
is the wire. A special junction or fanout element and a dead-end for 
the Wire will allow the attainment Of our goal. The motivation for 
creating these e Lenient e 1 e the desire to maintain an analogy to the 
physical wiring up of finite state machines with wires, transistors, 
etc. The need for a crossover results from our working in two ditneri- 
sione. 


2j2 2 2 2TZ r l j 2 j 2'2 

1 M 1 —I—rH—t 


222 


2 2 
—1— 


A Wire in a Three State Space 

For the " 10 " signal to propagate to the right, the following transition 
ru 1 es are needed . 


0 

2 2 1 
0 


0 

2 1 0 
0 


0 


0 

102 

0 


->2 


Propagation Transition Rules 


It will often be necessary to have a branching wire in order to 
send a signal to more than one place. The junction has the property 
that an entering signal will exit from the other three legs -of the 
configuration. 


2 

2 

2 

222 122222 
2 
2 
2 
2 


2 2 2 2 2 2 2 
2 


1 . 2 2 


s ymbol 


time = t 


time = t +4 


Fanning Out of Signal in the Junction Element 












Three more rules must be added bo cbtaiti this ac 11 oiU 

2 2 1 

12 2 -> 1 0 12 - >0 2 0 l -—>2 

2 2 1 

Fanout Transition Rules 

The reader should understand that as rules art added to create 
new elements 3 they must not conflict with previous fu 1us-'Oither stated 
transition rules or implied non-transit ion rules, 

An interesting phenomenon in the search for universal cellular 
complicating effect 

autotaata is the ^ of simple curves. In all cases the need for a 
simple curve was circumvented by the use of the previous fanout element 
with two ct the output wires dead-ended. 

The dead-end Is simply a truncated wire, A signal reaching the 
end of the wife dies without changing the length of the wire. The 
dead-end requites the fcHcwlrtg rule to be added, 

0 

2 0 2 -> 2 

A Transition Rule Necessary for Operation of the Dead-end 

cycle 0 

2 2 2 2 2 1 2 2 
c vc le 1 

2 2 2 2 2 2 1 2 
cycle 2 

2 11 1 2 2 2 2 
cycle i 

222222112 

Simulation of the Dead-end Wire 

Observing what happens to the junction element when three inputs 
arrive sirosu 1 tanCous ly, It La seen that the three inputs are mutually 
anihilated, This results fioci transition rules already written. What 
happens when two inputs arrive simultaneously can still be specified. 
The following right angled „ two-input/two-output operation can be 





17 


achieved by adding three additional rulea. 

10 2 
12 2 —1 0 12 —^ 0 2 0 1 —2 

2 2 1 

Rules Necessary to Cause Two-Input/Two-Output Operation 

2 2 

2 i i 

1 ^_ 2 

2222221 222 221 2222222 
2 
2 
2 
2 

time * L 

The Two-Input/lVo-Output Element 

E£ one had a diode (a one-way gate) then the above two-input/ 
two—LKitput would be an OR function. The diodes would be. used to prevent 
signals £tOm traveling Cut Che inputs. Ibis function is illustrated 
later. If wires are reprosenLed by lines B curves by right angles, and 
dead-ends by small circles, then the diode is configured as follows. 


ii 


time « t + 4 



Tins Diode 


symbol 


The reason for the odd shape is explained by tracing through 
its operation. Consider first a signs 1 entering; froiC the right. It 
fans out throe ways, one way being dead-ended and one further fanning 
out. Finally all three resulting signals S Iran ItAnMuS ly arrive at the 
left-most junction and are Mutually anih Hated as previously discussed, 
Euwever, a signal entering frer:: the left Eucceedrin getting through 
Sine* 4t most two signals arrive at any junction at once. Now with 
the diode, the OR can be configured. 















The OR Func-t ton 


Anuthe t useful configuration is the clock or periodic emitter of 
b igna Is . A signal circling in a loop, will send a signal out the side 


time around. r 



r 

The Clock 


Now with two clocks And d diode, the WOT function {or invertor) 
can be configured. 



WiL'u u signal oncers at A, there is no exiting signal due to the 
three input anihilation property of the June tion „ but in the absence 
of a signal the two clocks will generate an output, now dun to the 
two-inputs/two-outputs property of the junction. Of course the clocks 
r.ust ba synchronized with the times allowable for signals to be at 
the junction. 
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Thfc 03. find. HOT functions form a universal pair of Logie elements. 
There is only one remaining element„ therefore, and that is the 
crossover. Then the logic can be ''wired”. 



The purpose of the excessive curving inside each hLook of the 
crossover is to form a delay. Thus signal B entering from the 
bottom woo let fan dot three ways* But tire three paths Co the A exit 
are equal, forcing, an anthiLatinn of signals here due to the three 
sinnu itaneous input anihiLatton property of the junction. 

The crossing requires that the A and B inputs never arrive simul~ 
tmeoualy. If one assume* a minimum signal spacing of sufficient 
aize, then the following configuration can always he used to assure 
non-e ImuLtaneity of inputs. 



AvOidlrtg Simultaneous Arrivals 


Out goal ha* been to be able to configure in a finite 3pace Shy 
finite state machine with these elements- In particular , since we can 
transmit n binary signal (presence of signal indicates one state, 
absence of signal indicates other state) from any area of space to any 
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other* and since, signals can be Combined by a universal Logic function 
audi as the P30H, (meaii lug neither input present), it is clear that all 
the eomponeriLs necessary Co construct any general purpose computer 
are present within configuretiona Of states in the array, A simple way 
Co show this universality is to show that a one-dimensionai array of 
u-State machines can be configured for any finite value of tt. When 
rt is Suitably large T « linear array can aimuiate the Turing machine - 
This is possible, for example, if each of the simulated. n-St*te machines 
repreaents a square of the Turing machine* s tape, but also containing 
the finite-state machine pact of the Turing machine* 

Alternately, the finite eight-state ceils of Codd or the twenty- 
nine-state calls of von Neumann could be simulated. Thee an array of 
simulated Codd colls could- perform ns described by him. 

Several other infinitely configured three-state universal cellular 
spaces were discovered. Common elements include a universal logic 
element* a wire, a dead-end and a crossover- SOraa had fewer transition 
rules„ Different diode and crossover configurations, of CCWsC, had to 
be obtained since the properties of the junction were not identical to 
the case described here. 
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V, THE INFINITELY CONFIGURED TWO-STATE UNIVERSAL CELLUIAR SPACE 
One of several methods of illustrating universality Is to 
show that two-state cells in the proper configuration can simulate 
any n-itate cel 1--in particular the twenty-nine State vcm Neumann 
or Codd cells, or the three-state cells of the previous 

chapter. However, following a similar approach as with the three- 
state cellular Spate* it will be sufficient to show the ability to 
arbitrarily connect universal logic elements to create arbitrary 
finite-state Dachinea. Then ah infinite cm e-dimanaiona 1 array of 
these, finite-state machines can simulate any Turing machine (by 
the same argument as before) and is therefore utt iverso 1. 

If the two states are represented by 1 and blank space (or 0), 
three transition rules can be written to define this cellular Space, 

l 0 1 

0 I l —^ 0 10 1 -—4 l 10 1 —> 1 

0 1 1 

knles for the Two-State Computation Ifn Ivors ill Cellular Space 
The first Of these rules requires corners to diaeppe.ir. The 
other two assure that gaps (zeroes) surrounded by three or four ones 
wilL be filled in. In the following illustration of a signal pro¬ 
pagating along the wire* the zero or quiescent st£te i $ also denoted 
by the blank, — 

1 1 1 1 l 1 1 1 1111111 

1111111 1 1 1 1 1 1 1 l 

1111111111111111. 

Wire and Signal 

Note that the signal travels on one side of the wire. The wire 
will be symbolized by a stfaigliC line with an arrow used to indicate 
the aide of the wire on which the signal is traveling. It should be 
clearly understood that the blank area above the wire represents cells 
in the zero state and not the absence of cells. Append ix I etna rains 
computer simulations of the above wire and also the other elements 
shown below. The reader should probably check this appendix now to 
see exactly how this signal propagates. 
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The dead-end is used to eliminate signals traveling a Long 
truncated wirfis. 

1 


1 1 1 
1 1 1 
1 1 1 


L 
1 L 
1 1 l 


I 1 
l L 
1 1 


The Dead-end 


Tile junction Of fan-out is used to create new signals. A. signal 
entering the fan-out from the input aide leaves from the ether thruo 
anna. This element will also be used with the above dead-end to 
produce the curve. 


1 1 
1 l 

I l 


1 


l 

l 


T 


1 l l I L 1 l 
1 L 1 1 L L l 
l 1 1 1 L I 1 


1 1 
I 1 
1 1 
1 1 


l l L 
l l 1 
1 1 \ 
1 1 t 


1 1 1 1 1 1 L L 
i L 1 1 1 1 1 1 
L 1 L 1 1 1 1 1 


1 1 111 

mi 4 1 1 l 

1 1 L 


L L 1 
1 1 1 


The Junction 


This junction is not bilateral, A signal entering any of the aide 
outputs dies.. Hocite that by using two dead-ends on two outputs, the 
diode (one- w ay gate) Is obtained, However the diode is not needed 
in this cellular space. 

A whole family of curves must be created since the signal is 
on one side of the wire. We need inslde-to-inside t inside-to-outside f 
outside-to-outs ide and outside-to-inside curves. Two of these curves 
can be obtained directly from the fanout with dead-ends on two output 
wires. The ins id e-to-inside curve must be synthesized. 




ill 

i i 1 

i i 
l i 
l 
i 
i 
l 
i 
i 
i 


ii 


iii 


liii 
i 11 111 
iiiiii 


11 

11 
11 


The Insid e -1 o-In*ide Curve; 

The ouCSid e-to-on La ide curve can now be Tna<je fro™ the. above curves. 



i 


The Outs i<de~ to-OuC£ftic Curve 

Recall that the arrows indicate which Aide d£ the wire carries the 
$ i^rtal■ 

A universal logic el errant will be used with a clock (described 
Labor) CO build the rema in in g needed elements. The following con¬ 
figuration will compute the loftie function n E and NOT A 1 '- 
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TRUTH TABLE 


A 

0 1 


0 

0 , 

1 

0 


The Logic Element 


If the B input ia from a clock (i.s* * periodic emitter of signals) 
thei'i this Lo^Le c lament becamea a KOT function. Thug & tl&ck is 
needad , 


I 

1 1 1 1 I 1 1 L L 1 
1 111111111 
111111LLL lLLUlll 
l l 1 1 i L l i 
L 


The Clock 

Thia clock has a period of Si-stCCn time steps. Almost any even 
period is obtainable by different configurations. 

The Operation of the logic element requires that die signals 
Be synchronized, The clock defines an interaction time and all wires 
are constructed to maintain the synchronization of signala . The 
cons tf j c tion Of the crossover is achieved by the following logical 
configuration. However it is required that only one signal arrive 
at once. By moving the location of the crossover a lightly s as in the 
three state automaton of the previous chapter t a on-a imultaneous 
arrivals can be assured. The non function uaed in this diagram can 
be constructed from the logic element with a MOT function feeding 
into the B input. 






Tli& Crossover 


A. much more efficient crossover tan he constructed., 

Toe extension to three dimensions and seven neighbors (9ix fate- 
neighbors -plus the tell itself) is straight-forward, The same three 
rules apply assuming the other two neighbors are in the aero state. 
The above automaton can e^iat in a plane of this space, if desired, 
but turns out of the p l*ne tan be Inserted at any point of origin of 
signals in the wire► 


1 

1 1 l 1 l 1 

mill 


iiiiii i"i if- 

i l i i i l t l A 
i i i i i i l l if 


fart of the Inside-to-Inside Curve 


The enclosed pari of this curve can be rotated ninety degrees about 
the dashed Line, Subsequent turns will now be out of the plane. 

These elements are sufficient for universality, The wire and 
crossover allow moving of signals ftom point to point► The logic 
function with the NOT function added to its 3 input gives the universal 
NCR function r ^Minsky 196?) Thus we can wire up any function, (Delays 
can be built with a few extra curves,) Specifically, the twenty-nine 


















26 


state von Neumann or eight-state iiadd calls cou Id be Simulated 
achieving both compute Lien and aoastTWC tieh unf'vbrse lity except that 
an infinite number of simulated cell* rcy$ t cMiatj i r fi, it takes 
several of these cells to Simulato one o£ the Codd cells even If It 
Is iserely in the sera or quiescent state. 
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VI. THE THREE-STATE FINITE UNIVERSAL COMPUTER 

The undesirable requirement of an initial configuration 
involving an. infinite number of cells can be eliminated by adding 
another state. {if it is assumed that the cellular computer 
is not allowed to continue growing without bound after the compu¬ 
tation, is complete, then three Is the minimum number of states 
for this behavior* The reason for this is ttn t the ability to 
grow more memory with two-state cella, aa required by a finite 
initial configuration, necessitates the following transition rule* 

0 

10 0 -—y 1 
0 

But this rule will cause an unboundable propagation from, some 
edges of the automaton. Thus this and the previous automaton 
are each ciniiEal for their respective types o£ behavior.) 

Since a cooputation icey require an arbitrary amount of 
memory spate, some method iou? t eKist for increasing the informeticn 
storage by arbitrarily large amounts. Tire aethed is to use an 
arbitrarily extensible Special wire or tape with the property 
that a signal sent cut this wire will lengthen the wire by a 
constant amount with a reflection or echo signal returned back 
down the wire. Four of these Special wires will allow simulation 
of Hi. nsky^s two register machine (Minsky 1967)+ A brief descrip¬ 
tion of the operation of this machine is necessary. 

The two register machine operates on two infinite capacity 
registers, This is a program machine with the two operations 
1. add one to a register and 2*. subtract one from a register and 
if the result is zero, branch to a specified operation. &ince 
addition and subtraction are operations that require only a finite 
state machine to carry them out (afi opposed to my Ltip Lleation), only 
the ability to add and subtract one from the registers end to test 
for zetO in the registers la needed. Two of the specie] extensible 



vires are used Per each rug intern The difference in length rep- 
resects the number contained in the register- To add one „ a signal 
is sent hut one of these wires extending it r The echo is ignored or 
destroyed fey meeting another signal sent down the wire before the 
echo returns- '(Two raMCing signals will be anihiHated-) The Eero 
test is achieved by coir.paring two echo aignala for simultaneous 
return and Subtraction is dune by lengthening the shorter wire. To 
prevent "almost simultaneous H returns, the extending of wires can be 
done several times so that the length changes duly fey increments of 
S U f f id ifrrt L amOnn t h 

The Appendix contains the computer simulations of these elements 
and a listing of the transition rules+ The states are 2» 1. and the 
quiescent state A or blank space- 

The wire is composed of 2’s with the signal represented by a 
one-zero train- 

2 2222222222222222 
22222222 12222222 
22222222222222222 

Wire (Propagation td the Right) 

The following junction construction lias the properties 1. s 

single signal entering any arm exits from Che other three arms i 

2 - two signals entering 9 tsttlltaneously at right angles will exit the 

other two arms, and J* three signals entering simultaneously are 

no ih 11a ted. In each case the Junction is restored to its previous 

condition before the arrival of a Signal Of Signals, 

2 2 2 
2 2 2 
2 2 2 

22 2 222222 
2222222 2 2 
222222222 
2 2 2 
2 2 2 
2 2 2 


The Junction 
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The dead-end is- simply a t runes ted wire. However 3 if an extra 2 
is placed st the end of the dead-end wire ns shewnj then the signal 

2222222222 2 2222 
2 2 2 2 2 2 2 1 2 222222 
2 222222 2 22 2 2222 

The Special Extensible Wire 

will reflect from the right end (above) with the special wire being 
lengthened by two cell edge lengths. 

We no-j illustrate that the aboye co*irpenents form, a universal 
set of elements. The Curve 5,S Ob tain ed from a junction with two 
dead-ends, Another element needed is the diode, Representing wires 
by lines, dead-ends by circles and curves as right angles, we have; 


o 



symbo 1 


The Diode (Signal Will Pass Only from Left to Right) 

The clock is simply a signal, circling in a loop with an exit, 

7 

~r[ — ^ 

The Clock 

The diode and the clock can fee uaed to make a KDT function. 



The HOT Function 
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The OH. function is Just a June tiefl with diodes on the inputs* 



The HOT function can be obtained from the OEl with fta output 
fed into the input of a t?OT. The HO It can be used as in the two- 
a tats ease to for™ a crossover. 

The reception pc ecln> signals.* the program logic nececsttry to 
be 1 1l1 a finite-state ineeMhe, etc-, are now Achieved by straight 
forward tons truetienS j Thus the finitely configured three-state 
universal cellular eutcreton can be built. 


F.&.H. 



^ y 

The Two Register Machine 
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VI. TJ1E FffllTS UNIVERSAL COMPUTER WITH HUTE-HEIGHBOR CELLS 

An a lcernate ^ppco Achieving universe lity with a finite 
initial configuration is to increase the neighborhood si®e over the 
earlier five-neighbor cells. Including the four corner-neighbors of 
a cell is perhaps the simplest way to do this. Thus this chapter 
is going to describe a finite universal computer of two-State, nine- 
neighbor cells. 

There appears to he another universal array of two-state, nine- 
neighbor ceils, besides the one described in this chapter. William 
Gospet and others of Project MAG at MIT have recently demonstrated 
a large number of behaviors achievable by configurations of Genway 1 s 
’’Life" cells. It is believed that this array Is also universal, 
but the description is lengthy.. In this automaton, the basic signal 
ia a self-propagating ''glider 11 + These results will probably be 
doconrmefited by him at a later date. 

In parallel with Che description of the previous chapter, the 
automaton o£ this chapter will employ three basic components' the 
dead-end, the junction and the special extensible wire. Computer 
simulations of these components and a list of the transit iocs rules 
appear in the Appendix. The approach will be identical to that in 
the previous chapter--Minsky’s two register machine is to be simulated 
with two extensible wires representing each register. 


1 

111 11111111 
1111 11111 
ILL 1 1 1 1 1 
1 
1 


1 

1 

1111 1 L 1 1 1 l 1 

11111 till 
1111 1111 

1 1 
1 


time = t 


time « t + 1 


Wire and siffnal Md Dead-end 


Hie signal i* shown at two instances on time since its form alternates 
between these two forms„ (This introduces a new problem--the con- 
side rat ion of the phase Of a signal. A fourth element, the phase 
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convertor, will insure the correct phase of the signal for the 
desired operations. Any signal parsing through the phase convertor 
will emit with a phase determined by the location of the convertor 
regardleaa of entering phase. (The two extra l'i merely a Crip tlie 
signal's l's from It as it passes* When the signal is cut of range 
of these l 1 6, the signal & aci reform its l's.) 

1 

11111111111 
1 1 I 1 1 1 1, 1 1 I 1 
I 1 I 1 1 I 1 1 1 1 1 

1 

The Phase convertor 


The junction haa the following properties] 1 one input will 
fan out the other three wires, 2 two inputs not at right angles 
are mutually anihilated, and 3- three simultaneous inputs are also 
aelhi laced. 

1 1 l 
1 1 1 

i 111 1 

l 1 1 

n li mnu 

iiiiiiiiiii 
ILLllllllll 
1 1 1 

1 111 1 

111 
111 

The J u.nc t ion 


The clock, aa previously. Is simply a signal circling in a loop 
with an exit, Using two clocks and three other junctions as in the 
following figurej Che diode can be obtained. 
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Inc DioJo 


Hew this aymetrical component a LLew passage of signals in 
only One direction? It can due to the synchronous operation of all 
these cellular automata. The clocks ate synchroti iz ed so that a 
signs I entering from the right arrives at the center junction sir™!-" 
taneoua ly with the two clock signala,, thus being inih Hated. A 
signal entering from the left, however, fans out with one signal 
getting through end the two other# dying at the other two junctions 
by the tvo-inpnt enihilation property. 

The cnwjover and SOB. logic clement are shown. {The reader is 
urged to verify the operation cf these components from the junction 
properties*) 




The ?J0R function 
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The remaining componen t is the extensible virf. The extra one 
at the right end of this segment causes a signal to M bounce" off 
the end, generating an echo and 1 ength6tiing the wire. 

1 11 1 1 L 1 HI 1 1 

U 1 I 1 1 1 1 1 1 1 1 1 

1 11 LI 1 HI 1 11 

The Extensible Wire 

The design of this automaton now corresponds to that of the 
previous chapter* 


* John Conway has also shown tho Life cells to be universal 
independently of William tiosper's work except that he used the 
’’glider gun" (a configuration that periodically emits a self- 
propagating signal) discovered by Oaaper, Future issues of the 
Scientific American magazine will have a description of both 
Gosperand Conway's works as well as a brief mention of the 
author k 6 work, Neither Goaper nor Conwsy have published their 
wofk as far as is known by the author* 
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VIII„ THE SELF-REPROC'UCI^r, UNIVERSAL COMPUTER, UNIVERSAL CONSTRUCTOR 

The four-state universal computer, universal constructor is 
considerably more complex than the previous three sutercata. Not Only 
must this au tcciaton be capable of ednputing any (computable) computetinu 
but it must also be capable of cons true ting, into quiescent, empty space 
an automaton, a Leo capable of computing any e computable function. In 
particular, it should be tapable of reproducing a copy of itself, (Fur 
a discussion of bow such offspring can evolve and improve, see vOn 
Neumann 196b,) 

This automaton will have the same type logic elements as the 
previous machines, but in addition, it must have an arm that can 
reach out into the construction apace to build the new machine. The 
growth and operation of this arm, U quite complicated. After the 
new machine is constructed, it r=us t be. activated, since we plan to 
have the automaton construct a passive configuration. The explanation 
of how an unbending am can construct a nftw machine of larger siae 
than the constructing machine is then explain&d- 

S Lav La.tions of the components and a listing of the transition 
rules ere given in the Appendix, The states ate represented by 
blank (and 0), I, 2, and the Letter 

Let us begin with the wire and signal, and the dead-end, 

KzxtxxxmrxK 
2 1 K 

X K X K K K X X X X X X X 

The Wire and Signal and the Dead-end 

The wire end all other components are constructed from state x. 

Cons true Cions consisting of only state n are very stable, the only 
transition being the following, 

x 

x 0 x -—^ 1 
X 

None of the components, while passive, will contain this local 
configuration. Therefore, any construction consisting of the 



component! to be described, will retain passive until activated. 

The Junction has the same preparties as had the three-* tatc 
automaton, namely 1, a single entering signal fan*, out the other 
three Legs* 2. two inputs at a right angle give two outputs on the 
other two wires* and 3* three Simultaneous input signals are mutually 


an ih 1 La ted ■ 


x x 

X X 

X X 

X X 

xxxxx xxxxx 

X 

xxxxx xxxxx 

X X 

X X 

X X 

X X 


The Junction 

In each case the junction is restored to its original position. To 
the case of the fanout, the useful phenomenon of an extra delay of one 
tioe Limit occurs 4 Also if two signals arrive opposite each ether, they 
will be mutually anihilatcd* a property net possessed by the three 
* Cate automaton. These properties are verified in the computer 
*iraut a tions, 

The curve is obtained from the Junction with dead-ends on two of 
the output legs. Hie diode 1 e obtained as previously, or by the 
following alternate configuration. 



Hit Diode 


Similarly the clock* Ktrtf function and NO ft function can be coua trueted, 
However the previous crossover is unacceptable because it involved 
the use Of the h’03L function which is built with a clock. The reason 
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for this unsccCptabili ty is that we only want to construct a paS£ivg 
configuration and to use a single activation signal to introduce 
a Signal into all wires and dec Its to "start" the newly constructed 
machiner With a passive crossover this problem is avoided+ 



ft sign a l entering at B above would not be able to exit at the A 
exit due to the above mentioned property of the junction * namely 
that two signals entering opposite each other cancel, 

The logic Operations of this automaton are now completed, The 
operation of the arm. is illustrated now. 


paren t 
Machine 




constructing arm 

x; 



Cons truecion Region 
Cons true cion 


The horizontal ant can move vertically within a fixed range * but 
ci»n attend arbitrarily far into a construction region* The construc¬ 
tion of automata which do not fit within this space (e *g T self- 
reproducing automata in the same orientation as the parent) is 
achieved by constructing 4 preliminary automaton of arbitrary length 
which grows a vertical arm into the surrounding space to cone true c 
the desired automaton, 

The arm consists of a row of cells in state X* The a Cm is 
attached to another row uf cells called the body* 
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:< 

body X . _ arm 

\ : 

Attachment of Arm to Body 

The operation of construction proceeds as follows" 

ii Two special signs 1 e (called single wings) sont from each end of 
the body collide at a location datomiin-ed by the timing o£ signal 
origins tion. 

2, The collesion produces an arm bud, 

3, further pairs of singla wings colliding at this location cause 
die arm bud to grow longeT. 

4, Once the arm has reached a Length of three i'b, further growth is 
accompanied by an echo signal from the end of the arm. When the 
echo returns to the body * it is harmlessly anihilated unless, 

by if the echo signal is properly tMed with another pair of colliding 
single wings, e new signal called the erasing wing propagates out 
the wire, destroying the wire as it goes^-i.e, it leaves quiescent 
cells behind it, 

b, When the erasing Wing reaches the end of the art., a single x is 
deposited into the cell just beyond the end of where the am was» 
Thia depositing succeeds even if there are Other x's surrounding 
the position of the new at on one or two sides, 

7, A new arm ia grown to deposit Other k's and the process is iterated 
until the construetion is completed. Then an activation process 
takes place. 

The above operation description requires some new components. 

First the single wing signal ia illustrated, 

1 

X V X X X X X 1 X X X X X 


Single Wing Signal 
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Two meeting single wings Leave the following arm bed. 

x 

X 

KHXXXXXXXXX 

Arm Bed 

Another collision fills in the gap at the base of the a inn bud 
forming an arm, of length three. Still another collla ion gives the 
following configuration, 

x 

x 

x 


xxxxxxxxxxx 
Arm with. Gap 

Again the gap ia filled by another collision. &ubs eq-jen t coll la ions 

give the following double wing signal propagating out the arm. 

x 

x 


t 1 

! 1 x 


X 

xxxxxx.xxxxx.xx 
□oubj-c Wing Signal 

This double wing adds an x to the end of the wire and aends the 
following echo signal back down the wire. 


X X X X X X 1 XXXXX 

Echo Signal 

This echo leaves a gap between the arm and the body which la- filled 
in as before. However, if the echo coincides with another collision 
of single wings , the erasing wing is produced, 

x 


t 


x 

l 

l 1 


xxxxxxxxxxxxx 
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The different cases of the eras leg wing reaching the end o f the 
wire are illustrated in tie computer simulations of the Appendix, By 
constructing the new Automaton column by co Luiii:: and top to botcotri in 
a raster pattern, the aCm will need to consider onty local configura¬ 
tions in which there are no x's already there (at the end of the arm) 
or One x on the previous column or teaide it in the current column 
or there nay be two x's already there in those two positions * (Bee the 
Append ix for further detail.) In particular, the arm. will not have to 
fill an k between two existing x'a. 

Bo far '-'t have not described bow the single wing signals are 
generated. The following configuration will transform all entering 
logic type signals into single wing Sign*!*. 

XXXXXXXXX 1 

21 x x x x Lxxxx 


XKXXSXXSX 

X 

Single Wings Being Generated 


Logic type signals entering from the left will exit from the 
right as single wing signals. 

Activation is achieved by the activation mechanism, 
x 

XXX 

xxxxxxxxxxXXxX 


xxxxxxxxXxxXXX 

X X x 
X 

Activation Configuration 

An erasing wing entering the above element W0«Id generate a 
,f 12" type logic signaL. This activation signal would now travel by 
fanout* and crossovers to every place where it is desired to have 
a wire or clock initialised with a signal. After an erasing wing 
has entered, it is left in the following condition and must ho 
’'cleaned op" for subsequent use. Of course, if no further cummunica- 
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tian ie desired* thie garbage could be Left in place, 

x 

:c x x 

x xxxxxxxxxstxxxxx 

X xxxxxxxxxxxxxxs 

XXX 

X 

After Receiving Activation Signal, Two It's Block Entrance 

The two x's can be removed by adding mote x'a by the usual construc¬ 
tion method to form the following configuration, 
x 

x n % 

x. XStXXXXxxxxxxxxx 

X X X X X XXXXXXKXXXXXXXX 

x XXX 
X 

Cleaning Up the Activation Element 

How if an arm growing Outward, humps into the project ion 
added to this element, it join?. Then an erasing wing will utterly 
destroy the garbage, added x’s and all, restoring the s lament to 
its original receptive atate. 

The following simple configuration allows the introduction of 
initialization aignala into wires during the activation process.. 
Notice that the wire maintains a two-way propagation capacity. 




i 

Activation Signal 

3 

l 

3 

> 3 

r 

L 




5 


Introduction of s Right-Mowing Signal 
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If a Onus Initial signals are desired to be within Junctions or 
other elements, they cOu Id have been introduced earlier into the Input 
wires, 

Now thaL by cleaning up the activation mechanism, communication 
iE possible Ircni the parent to the offspring, To allow information 
to flew in the opposite direction, the following spec id construction 
region is added to the offspring so that it can ■cons teuCt the ’’relay 



Region j | 

Two-Way Communication 

tonka (1970) describes another four state universal constructor 
til at has only a one-shot activation mechanism-"-it is not reusuabiej 
This paper describes how sufficient information can be communicated 
in this tea a. It also illustrates bow a permanent two-way wire can 

be constructed to connect the parent with offspring. 
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IS 4 UNIVERSAL OKE DIMENSIONAL CELUUIAE SPACE 

The tvft-s bate universal, cellular automaton of chapter V can 
be eonstreated in a finite width of the two-dimensional space. By 
considering an infinite one d linens tana 1 tape made up of slices of 
the two state- machine configured in two dimensions (see diagram}* 
as pointed out by Fredkin* it is at once A universal ccoputer with 
two States and five neighbors if two of the neighbors of a cell are 
its nearest neighbora and two others are SCmre distance away* namely 
the width of the slices. The fifth neighbor is the cell itself. 

Thus each cell has the same five neighbors as in Che twe dimensional 
space and operaCion can be identical. 



Forming a One Dimensiona1 Space from the Two Dimensional Space 
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X, DISCUSS- IQiJ 

St art in 5 and Halting. 

The; starting and h* lting of Turing machine computa tiers are wet 11 
defined- epeta tloftS. S liailar operations must be described for the 
universal cellular antboiflta¬ 
in the same sen.Ee that the input to a universal Turing machine 
±s initially configured on its tape, representing the computation 
to bo executed, the initial configuration of a cellular automaton 
contains the description of the computation. 

Halting of a cellular automaton can be defined in several vays, 
Probably the simplest is to define a computation as having andod when 
3 Specified cell first changes state. 


The continuous space. 

The location of any cell of dimensions dx and dy can be measured 
by the coordinates x and y. Jf K(x,y,t) represents the state of this 
cell at tioe t* it can take on values 0 snd 1 for the universal twO- 
Stece cells of chapter The value of B{x.y,t+dt), whore dt is 
Che duration of the time steps, thus depends on S(x h y ,£ ) , £(x+dx,y, f ), 

3 (x-d K ,y,t> T S(X»y4<ly J t) , and S(x,y-dy,t) according to the set of 
transition rules. Pc Homing normal practice, spatial second deriva¬ 
tives can be defined. 

3 = frstx.Y.O = limit 5 Qt-Hix,y,t) -I- SCx-dx^t) -2,S{x jy ,t) 

KK d*4 0 di:2 


end similarly for Syy. The two values 3^^ and S^. can take on values 

■Qj +1, -1, +2, and -2., Intorofi finely, S (x 3 y , t-+dt) can be expressed as 

a function of only S„ S , and S , if the transition rules of the two- 

* xx yy 

a fate space are applied. Defining this function as F and letting dt 
■approach zero, one gets: 


D 3 


f r S> 



J 


or explicitly for theae transition rules as: 





3s 



-L £f & - l and $ <* S = -1 

TOT VU 


xx y y 

0 otherwise 



Some readers may ree.ogni.Be Che above function form .13 a type of 
wave equation-- i. e , a second order d if ferentia 1 equation with first 
order Cime differantiaClop, This result is more interesting in three 
dimensions. (Recall frerq chapter V that the two-state space is still 
universal in three d intensions.) It is still possible to express the 
future state of a cell as a function of only second derivatives sod of 
its own current state, hencer 



Although the explicit form is now moire complex* Now if $ is allowed 
to vary continuous ly* rather than disc re Lely * this equation defines 
a sort of universal continuous cellular space. 

Other Applications of Cellular Automata Theory. 

Sccith 0 970) and others are interested in applying cclluLsr auto¬ 
mata theory to biological phenomena* The study of DMA ipteractiona, 
consisting supposedly of a set of four "symbols" inside the spiral 
helix, is or© interesting Area* 

Another possibility is the design of electrical circuits with 
self-wiring capability. An Ls I circuit forming a large array of ceils 
could contain an initial con figuretiOn with construction power. When 
activated, it would proceed to wire up any desired circuit, (as indieAted 
by information built intc the configuration or sent into it after 
activation) detecting and ignoring bad cells. 5dOh a circuit could 
perh.ips bo a complete parallel digital computer On one a lice, Yadovs 
regions of the slice could, have different transition ruLas if, for 
example, one typo cell proved more efficient for memory and another for 
logic functions. Variations include having no initial con figuration 
v^rad in, but sending inputs in to build a constructing mechanism. 






TJi-e main point is that by allowing bad areas to appear on the a Lice 
without destroying the total slice, mvch cheaper, more comp lent, and 
more variable circuitry could be used!.. 5-houp (1970) has considered 
tha design of integrated circuits used as cellular arrays * Wot con¬ 
cerning himself with universality in [Articular, he was more interested 
in efficient imp Lemontations of practical operations. 
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Kt, SUGGESTIONS FOR FURTHER STUDY 

The following list of questions and comments cSn be interpreted 
as suggestions for further investigation. 

I--* Are there u dier two-state, five-neighbor Infinitely ctmf igured 
uni. ersa I cellular automata ^ If we restrict ourselvea to isn tropic- 
cells fas defined in the Glossary) then there are only twelve 
transition roles that can be written, one Of these being specified 
(the quiescent non- trans it ion requicMtnt). Thus there are only 2 1 ^ 
automata in this -class in all. 

One other haa been found. Tf the present -automaton is embedded 
In a region of «Us in state *ere which is in torn embedded in an 
infinite region of state 1 colls■ then the 9 4me machine can be 
considered since state l matches the quiescent rule forti, Notice 
that this is not just e wap ping the narr.eE of the states. 

2 . The two-state five-neighbor, three-state five-neighbor, and two- 
state nine-netgbbor cells- are minimal in the number of states re¬ 
quired fur achieving their respective types of universality. Is the 
four-state universal constructor also minimal? 

3. Ate there much simpler spaces in the sense of having ■many fewer 
transition rules? 

4. How large arc the total configurations?' The author has not yet 
Seen it worthwhile to construct a complete, detailed computer* Such 
an effort would require a Large amount of resources to show sonething 
already knt>vn l 

5r Is there a simple cellular model of physics? 

6. IS there a line between the automatic type of self-replicating 
cells of Predkin and Winograd (See chapter El) and chose of the 
universal construction type of self-reproduction? (Minsky) 

7. What are th* characterIsCici of conflguraCions on different shaped 
cells such «* iiexagons, triangles* spheres * etc,, or in higher d linens ion? 
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8r How much more power£uL are cells with asymrwC t Lc transition 
rules'? The anawar to this question could be quite useful to the 
goal of building practical cellular automata on integrated circuits, 
for instance, information con now he densely packed in wires since 
the length of signal can now be only one cell- 

9. How complex must the cells be in order for a universal cOrtStruc- 
tor to a 1*0 he Able to erase a configuration? If the configuration 
is not actively defending Itself> it seems tha t the cells of thU 
thesis meat this requirement since a 1 Introduced into the edge 
of 0 wire tends to propagate by devouring the wire, Thia action 
should be verified for nil types of local configuration tlmt could 
he encountered, 

10< What other useful measures of complexity of behavior are there Other 
chan universal computation (finite and infinite initial configurations) 
and universal construction 1 


SUMMARY 


Table of Results. 

This table is drawn for in finite two-dimensional arrays of 
square cells. Ic gives results, discoverer and other infcrmatiop 


Neigh bora per Cell 



5 


9 

S3 

l 

States 

per 

Cell 

Universal Computer 
Infinite initial 
configuration req’d 
[author] 

Universa I Compu ter 
finite initial 
configure tIon t 
[author ; a Iso Him. 
Gosper of MIT has 
shown Conway's Life 
ceils are universal] 

Universal 

Com true tor 
[Codd] 

The cells were 
shown capable of 
simulating Codd's 
S-acate e*LLa, 

a 

Universal Computer 
Finite initial 
configuration is 
euffieient* 

[author] 




4 

Universal Con¬ 
structor 
farther] 




S 

Universal Constructor 
This was the first 
reduction of von 
Neumann 'e ceils. 
TCodd ] 



L3 

Universal Computer 
These cells req'd 
only two rows of 
the array. 

[Smith] 
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Universal Constr'tr 
[von Neumann] This 
was the first 
cellular automaton 
shown to he universal 
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GUOS 3 ARY 

Activation, the process by which a universal cons true ter causes A 
tkvw passive construction to hecome active or operative, by the 
idtroduction of a sigpa 1. 

Automaton, a finite or infinite-S rate machine., A property is the 

discreteness (versus continuous) of values for Logic levels, etc. 

Ge 11 r a finite-state automaton in an iterative array, livery call 
hae a set of neighbortog ceils with which it communicates. At 
discretC moments of time the cell assumes a state, this new 
gtate depending on the old states of the cell and il-ii neighboring 
cells according to a set of prescribed scate-transition rules, 

Co Liu Isr Automat on, an array, usually infinite and two-dimensional. 

Of Identical interconnected cells which simultaneously undergo 
atatn transitions at discrete moments of ti^e (see Cell), 

Cellular Space, refers to the entire collection of tells of a cellular 
automaton; It is defined by a set o£ transition rules, the 
shape of the cel la (e.g. square), the dimensionality s and the 
neighborhood function (hew the ceiia eta interconnected). 

Computation Universal CeiluLar Space, a cellular apace capable of 

supporting a universal computet, i-e- there are initial configu¬ 
rations of states that can perform any computation, (see Univer¬ 
se L Comput &r) 

Configuration, an assignment of states to the cells of an area of 
the army at some time. 

Construction, Che process by which a universal constructor creates 
e new, disjoint configuration by growing an arm. into an area of 
quiescent ceiia and changing the states of these cells to the 
desited con figure tion, 

Construction Universal Cellular Space, a cellular space capable o. 

supporting a universal constructor. 3c must also be a computation 
universal cellular space, (see Universa- Cons true tut) 
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Finite Universal Computer, a universal computer which can begin 

operation with, only a finite non-quiescent initial con figuration, 
i .e. only a finite region of the infinite array has cells in 
the non-zero or non-quiescent state. 

Garden-of*Eden Configuration, a configuration with no proceeding 
configuration which would yield it* A Girden-of-Eden configu¬ 
ration can therefore exist only in an initial configuration. 
Practice L 3 y all interesting cellular spaces have Garden-^of- 
Eden configurations, 

Initial Configuration, the initiaL assignment of states to the cells 
of an area of the array. 

Isotropic Cellular Space, a cellular space with symmetrical transition 
rules. If completely isotropic there is no preferred direction. 
ALso a mirror image configuration will always maintain its 
reflection symmetry with the real configuration. 

Iterative Array, a regular arrangement of cells such that any region 
of the array looks exactly like every other except for the states 
of the cells in the region, and except for boundary regions of 
the array if it is finite in extent. 

Heighhot Cell, a cell which contributes its state information directly 
to another cell, thereby influencing the nest state of that cell. 
Usually a cell is considered &s 0s1ie of fts gwn neighbors, 
neighborhood, the sec of neighboring cells on which the next state 
transition of a cell nay depend. All cells, If identical, have 
the same geometrical shape of their neighborhoode. 

’Quiescent Cell, a cell in the quiescent a cate, (see Quiescent State) 
Quiescent Space, a region of the cellular army consisting of 
quiescent cells. 

Quiescent State, a distinguished StatOj denoted by 0 or blank, which 
obeys the following transition rule. 


0 

0 0 Q 
0 


Q 
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Pa e e ive Configuration, a configuration which remains unchanged, 
during a tine step-. 

Se 1.£-eeproduc 1 ng Automaton, a cellular automaton which can support 
an initial configuration which bat the property that after a 
finite time there are two or more configurations identical to 
the origin?* I ton figuration. 

Tranaition Eules , the set of rules specifying the new state of a 

cell aa a function of the present state of the cellos neighbora. 
h typical tranaition rule has the form 

(J 

KE-> ft 

5 

where the letters stand for current state > Keeult e ta te h North, 
East, South and West neighbor's states. 

Universal Computer, a cellular array whose configurations at different 
times ray be interpreted 3-8 performing any computation. 

Universal Constructor, a configuration capable of constructing into 
quiescent space, another configuration which may be of arbitrary 
size and may itself bo capable of universal computation and 
univerEHl. construction. (The existence of Carden-of-Eden con¬ 
figurations nay preclude the construction of arbitrary configu¬ 
rations' hence this definition.) 
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APPENDICES 

Those Appendices are reproduced directly from the computer 
simulation printout except for reformating so that each cell appears 
to have equal height and length, sipt* the computer printout did 
not allow equal vertical and horizontal spacing. 

Appendix 3 contains the simulations of the components of the 
universal computer configured in an array of two-state, five-neighbor 
ee 1 la , 

Appendices II, HI and IV contain rule listings and simulations 
of the components of the three-state finitely configured universal 
computer, the t<yp-St*te hi,ne~neighbor finitely configured universal 
computer and the four-state universal constructor, respectively. 

The computer simulation program was written to run on the Xultica 
time-sharing system end is available on file at Project MAG* Another 
version of the program was written in LISP to run on the ITS time¬ 
sharing system. (Actually such simulation programs are eaEy to write.) 


APPENDIX I: THE TWO-STATE INFINITELY CONFIGURED UNIVERSAL COMPUTER 
Computer Slrmj lati Wi of the Nire and Bead-untL 
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Notice particularly the disappearance of the signal til cycles 6 and 1 
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COMPUTER SIMUIATIOM OF THE FANOUT. 


The signal entering from the left nil! fanout the ether three 
arms of this element, pead-ands are used to kill these sigciEils In 
this s imu la t ion -“■normally they woe Id proceed to more useful elements, 


c y cle 0 
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11111111 
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1 1 1 l 1 
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In these three, cyclesj 
the signal is enter in# 
the fanout. 
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(continued> 


These next three eye lea of s Itiiu- la C foe show the signal moving to- the 
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In -cycle 6J Che signal, is Just beg Inning to start duC the exit vrires , 
eyele 6 

I 1 1 1 1 
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I 1 1 

I l l 
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{continued> 
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In cheae three cycles,, the signals have begun their exit frmfl the 
Can cm t; however there is still a spurious signal in the shore leg 
sfhich couat be anihila ted 1 a ter, 
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In these three final cycles the exiting signals are well clear of the 
junction. In fact., the upward coving ana encounters the dead-end and 
is comp lately destroyed. Note also the des trust tiOn of the signal in 


the short 

leg 

returning 

the 

fanou t 

. to 

its original state. 
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CQMFUTER SIMU1ATIOH OF IKE 3MS EDE-TD - 3HS ID E CURVE 

This a iron la tic n will show how the downward-moving aignal will 
bteoete * right-moving signal, both. signals being on tho ina ide side 
of tho cvsrvo. 
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(continued) 
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Hotica in cycles 6 and 7 Chat a spurious signal trios Co return back 
up- the input hut it is halted by the extra i. Notice also the peculiar 
type propagation in the section o£ width two. This type propagation 
was the basic type propagation for another version of two-a bate automaton> 


cycle fi 
111 
111 
1 1 1 
1111 
1 1 1 
1 1 

111 1 
1111111 
llllllllllll 
1 111111 
1 1 1 1 1 l 
1 


eye le 9 
111 
1 1 1 
111 
1111 
111 
111 

1 

1 

1 1 l l 1 1 1 

nun 

l i i i i l 
L 


1111 
111111 
1 1 11 

i f 


eye le 7 
i 1 1 
1 1 1 
1 1 1 
1111 
1 l 
l l 

llll l 

lllllll 
l 11111111111 
1 \ 111111 

' 111111 

1 


eye le 10 
1 L 1 
1 1 1 
1 1 1 
1111 
111 
111 

1111 l 

lllllll 
1111 1 1 1 l 1 1 1 1 

1 4 1 l L 1 1 1 

1 1 1 1 I I 

1 


cycle S 
111 
111 
111 
llll 
1 1 
III 

1111 1 
lllllll 
11 1 I 1 I 1 1 1 1 1 1 

1 f 111111 

1 1 1 1 1 I 
1 


cycle 11 
111 
1 1 1 
1 1 1 
1111 
1 1 1 
111 

1111 1 
Lllllll 
111 1 lllllll 

1 * 1 1 I 1 1 1 

1 1 1 l l I 1 

1 


(cent inued) 
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In these final cycles this Signal reaches the output wife. 


cycle 12 
Ill 
111 
111 
1111 
1 1 1 
1 1 1 

1 1 I I 1 

I i i i 1 1 i 

II ill IIltlL 

1 f 1 1 I 1 ! 1 

1 I 1 1 1 1 
1 


cycle 15 
1 1 1 
1 1 1 
1 1 1 
1111 
1 1 1 
1 1 1 

1 ! 1 1 1 l 

l 1 1 1 1 1 1 4 

111111111 111 
1 11111 
11111 

1 


cycle 13 
1 1 1 
1 1 1 
1 1 1 
1111 


cycle 16 
111 
111 
111 
1111 


111 
1 1 1 
1111 
1 1 1 
1 1 
1 



1 1 11 
111 
111 


111 
111 
1 1 L 


1 


111 

111 

111 

1111 

1111 

1 


111 i 
1 1 1 1 1 1 11 
11 111 
1 1 1 I 1 1 

1 


cycle 14 
1 I l 

1 1 1 
1 1 I 
till 
1 1 1 


111 

1111 1 

i i i i i i i 4 

nun li iiii 

i tiiii 

11111 


cycle 17 
11 1 
1 1 1 
1 1 1 
1111 
111 
1 1 ! 
1111 
111 
111 
1 


1 

1 1 1 


11111 
1 1 
1 1 
1 


1 

1 1 1 
I 11 
1111 


1 

1 


(Ran) 
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IKE LOGIC FACTION: B AM> WOT A 
Case I t A input only, 

and nut A" Was thn truth value false for A 
the signal moving downward should be destroyed and 
reach the exit wire on the right. 


cycle 0 


l 

1 



L 


i im i 1111 

1 1 1 1 1 1 1 1 L 1 
1 11111111 
1 l 
1 l 

I l 1 1 


1 1 
1 1 
1 

L l 
L 1 1 
1 l 
1 1 

1 1 output wire 
l 1 U 1 1 1 1 1 1 
l 1 1 1 1 1 1 I 
11111111 

1 


fcyclfc 1 


1 1 1 l l 1 
l 1 1 1 t 1 
I I 1 l l 1 



1 

1 

1111 
till 
1 1 1 
1 1 
1 1 

i 1 1 1 


1 1 
1 1 
1 1 
1 

1 1 1 
1 1 
1 1 
1 1 

1 1 I 1 1 1 1 1 1 1 
11111111 
1 1 1 I 1 1 1 1 
l 


cycle 2 

1 

1 

1 

1 

N 1 

I 

1 L 1 1 1 1 1 1 I 1 
1 1 l L 1 l I 1 1 1 
1111 LILLI 
1 1 
1 1 

1111 


L 1 
1 1 
1 1 
1 1 
1 1 
1 I 
1 1 
1 I 

1 1 1 1 1 1 1 1 11 

1 1 1 1 1 1 1 l 

L 1 1 1 1 1 1 1 

1 


Input enl>% Thus 
nothin# should 


(continued) 
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The is truly destroyed in these three cycles and the logic 

clement is left in its or is itia I position* 


cycle 3 


111111 

mm 

111111 


i 

i 

i 

i 

i 

>* 1 

l i i i 

iiii 

iii 

i v 

l i 

iiii 


i i 
i i 

i i 
i i 
i i 

i 

i i 
i i 
i i 


i 


i 

i 

i 

i 


L1L 1 111 
1 1 1 t 1 1 1 
1111111 


cycle 4 

1 1 1 
1 l 1 
l 1 1 
111 
1111 
111 
l 1 


1111111 Lilli 

nmiiiim 

liiiiiiii 
i i 
i i 

iiii 


i i i i i i l l 
1 1 n 1 L 1 1 
i i i i m i 

i 


cycle .5 


1 1 1 1 1 1 1 
1 l l 1 1 1 1 
1111111 


1 


1 1 1 
1 1 1 
1 1 1 
Ill 
111 
111 
III 
11111 
11111 
1 1 
1 1 
1 1 
Ill 


1 


ilium 

i i i i l i i i 
i l l t i l 1 1 

i 


(EHD) 
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THE U0GIC FUNCTION E AND HOT A 


Case II> A acid E Both Input + 

Again th* truth value of this function should be false or no 
output* These first three cycles show the Signals entering the 
logit fonttibn clement. Mote the resemblance to the fanout eleioent* 


cycle 0 

1 1 1 
1 1 

A - ■ > 1 1 

1111 

B i 111 

\ HI 

1 1 L 1 1^ 1 1111 L 
1 1 L L 111111111111111, 
111111111 11111111 

11 1 . 1 1 1 1 1 1 1 

1 1 1 

1111 


cycle 1 


1 1 1 I l I 
11111 1 
1 1 1 1 l 1 1 


1 


1 

1 

\l 1 

l 

1 

L 1 l 
1 1 1 
1 I 
1 1 
I I 
111 


1 I 
1 1 
1 

111 

1 1 
l 1 
1 1 
1 1 1 
L 
I 
1 


1 I 
l 1 
I l 


1 I L I I 
1 I L l L 
1 I 1 l 1 


cycle 2 


1 1 1 1 t 
I 1 L 1 1 
1 1 1 1 l 


I 

L 

1 

V 

\ 1 
11 II 
1 111 
1111 
1 1 
1 1 

1111 


1 l 
1 L 
1 I 
L l 
L L 
L L 
I l 

1 l 1 I I 
1 l l 
111 
1 


11111 
1 1 l l 1 
1 1 1 L L 


(continued Ji 





These three cycles show the meeting of the two signaLs. Notice the 
introduction of the apufious signal into the short Leg. which oj&t 
later disappear. 


eyele 3 

1 1 1 
1 1 1. 
Ill 


1 l I 1 1. 
11111 
1 1 1 l l 


111 


11 11 
1111 
1 I 
1 1 


L 1 1 
1 

1 1 
L L 
1 L L 


L 

1 

1 


L L 1 1 1 L 1 
1 L 1 1 1 1 1 
1 L L 1 1 1 1 


l I I 1 


cycle 4 

1 1 1 

l 1 1 
1 l 1 
1111 

til 

i i 

i l iiiiiii ii 
lniiiu iiiii 
LLLll 1111 11 


11 11 
1 1 1 


1 1 1 1 1 l 
linn 

mm 


1 L 1 i 


cycle 5 

111 
1 l 1 
111 
1111 
ILL 


1 

L 1 1 1 1 1 1 1 L l 

in i ii i in 
mum „ 
i m 
i i 

l 1 1 L 


I l 
l 

II I ill 1 I 11 
11111111 
11111111 

1 


(continued) 
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These last three cycles show the dnihilation of the spurious signal 
in the short leg. tfhus no Signal resulted in the output wire and 
the logic element returned to its original state, 


eyele 6 

111 

111 

111 

1111 

111 


11111111 

11111111 

11111111 


111 

1111 

111111111111 
1 11111111 


I 1 1 1 1 1 1 I 1 

I l 1 

1111 


cycle 7 

111 

111 

111 


1 

1 

1 

1 t 1 I 111 11 1 
1111111111 
11111111 


111 
1 I 
1 1 
1 1 
111 
1 


111111 

I 1 1 1 1 1 


1 


111111 


1 1 
1111 


■eye la 8 

1 1 1 
111 
111 


1111111 

1111111 
1 I 1 1 1 1 1 


1 


1111 
111 
1 1 1 
11111 

i i mi linn i 

ii 11111111 

ii iiiii i i i 

i i i 

i i i 


(END) 


THE LOGIC FUNCTION E AND NOT A 
C&se IIIj B Input OnLy. 

This la the one caeo in which a siensl should reach the output 
wire- The operation is exactly parallel to the fanout operation except 
that the sLjgnal trying to get out the A input is snihilated by the 
extra 1 on the right side of the A input wire. Only selected cycles 
are shown- 

eye le 0 

1 1 

A 1 1 
1 1 


mil illll 
i i i i 111111 

iiiiiilll 
l l 

I l 

llll 

c yele 3 

III 
1 1 1 
llll 
1 1 1 
\ 1 1 1 
I L 1 1 1 1 1 1 111 

LlLllll 1 1 1 1 1 1 1 1 1 1 1 1 
111111111 11111111 

II 11111111 

1 1 1 

llll 

cycle 4 

1 1 I 
1 1 1 
llll 
111 
111 

111 111111111 
11111111 llll 
ILllllHU 1 

lit 1 

1 1 1 

1 111 


I 1 1 1 1 1 1 
i i i i i i i 
i i i i i i i 


i i i 
i i i 
i i i 
i 


(continued) 
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Cycles 7, and 9 show the signal teaching the output wire and the 
Spurious signal starting up the A input wire. 

c yc le 7 

\ l l 
1 1 1 
1 1 1 i 
i i i 
iii 

iiiiiiiiiiii 
Lllllllllll. ELILIlll 
iiiiiiiii 7 11111111 
11 11111111 

L L 

1 1 L 1 

c yc Le 3 

I 1 l 
1 l 1 
1111 
111 
111 

11111111111 
1111111111 1 1 L 1 1 1 1 1 

111111111 11111111 

I l L 1 1 1 1 1 1 

II 1 
1111 

eyele 9 

I 1 1 
111 
1111 
l 1 1 

1111111111 1 / 

111111111 111 1 1 I 1 1 1 

11111111 1111111 
11 11111111 

1 1 

1111 


(continued } 
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Cycles 10* ll> and 12 allow the destruction of the spurious signal 
and die output reaching the result wire* The spurious signal loft 
in the short leg will anihilate Itself tuc cycles later in cycle 
14 ([not shown)* 

cycle 10 

111 
111 
1111 
11 £- 

liiiiiiii ii 'i/ 

i i i m n uni i i i i i 

mi i ii l l i iiiiii 

ii iiiiiii 

i i i 

iiii 


cycle 11 


1 

I 

1 


1 

1 

1 

1 

l 

1 

1 


i 

I 

1 1 

l l 


till 


eye le 12 

1 1 1 
1 1 1 
1 1 1 
1 l 1 
1 1 1 

liiiiiiiiiii 

i l m i n ii n 

liiiiiiii 

l 

l i 

iiii 


i 


1111 111 
111 lilt 
11111111 
1 


(MO) 
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THE CLOCK 


These cycles represent one full period of a clock. Clocks with 
Other periods, can also he constructed. This clock, however, Lias 
a period Of eight cycles. The output Ip fed into a dead-end to destroy 
the signal, for the sake of this s Itftulation Only, 


cycle 0 

1 L 

l I I 1 1 i I I I 

1 1 1 1 1 I I 1 I 

IlLLl 11ILLLL 

11114 L 

f 1 ' 


eye Le 5 

1 1 

1 L l 1 1 L 1 1 1 

I | 1 1 i 1 I 111 

II 1 1 1 1 L 1 L 11 

1 L L I 1 ^ 1 


eyele 1 

1 l 

i n i i i u 

i i iiiiiii 

i ilii i 111111 
1111 4 L 

f 1 * 

cycle 2 

1 L 

111111 ILL 


1 11 111111 
1111111 11111 



cycle 6 

1 1 

111111111 
1 i 1 1 1 1 1 1 11 

1 11111111 1 

11111 ^ 1 
1 

e yc le 7 

1 1 

111111111 
1 1111111 1 

1111 11111111 
1 1 1 1 \ 1 

1 1 


eye 1* 3 

1 1 

111 11 1111 

1 111 11111 

1111111 1111 
11111 4 L 

1 1 

eyele 4 

1 1 

111111111 

1 I 1111 l 1 L L 

1 1 1 1 l 1 1 1 111 

I I 1 1 1 ^ 1 


cycle S 

1 

1 1 1 

1 1 1 

11111 1 
111 1 4 

f 1 ' 

Notice the equivalence of cycles 
eight and aero. 


1 

111111 

111111 

111111 

1 
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APPENDIX IX: THE FINITELY CONFIGURED THREE-STATE UNIVERSAL COMPUTER 
The Transition R-jles, 

These ivies, are listed in the fenti M {CNE5tfft)" where C represent:* 
the current state ci£ the cell, M the state of the North neighbor> 
East, South and West neighbors similarly abbreviated t and finally R 
represents the result state. Only transition rules are listed * 
i r e. C is different from ft. Also, a incc the rules are isotropic, 
only one rule of each family is listed--the toCACions and reflections 
passible with the neighbors N, Ei> S, and W are rot dll shown. (The 
quiescent state is denoted by blank.) 

< 1 2 ) 

{ 11122 ) 

( 112 2 ) 

(12 2 ) 

( 12 22 ) 

( 12222 ) 

( 222 1 ) 

{ 22222 ) 

< 21 12 ) 

<11 2 ) 

<11222 ) 

(1222 ) 

(122 ) 

(2 1 ) 

(21112 ) 

(211221) 

(£ 12221 ) 
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Computer Simulation of the Wire with Signal and die Dead-end, 
Notice the diaappearance of the signal in cycles 5 and 6. 


2 2 2 2 2 2 
2 2 2 2 2 
2 2 2 2 2 2 

□ yc le 1 

2 2 2 2 2 2 
2 2 2 2 2 2 
2 2 2 2 2 2 

eye le 2 

2 2 2 2 2 2 
2 2 2 2 2 2 
2 2 2 2 2 2 

eyele 3 

2 2 2 2 2 2 
2 2 2 2 2 2 
2 2 2 2 2 2 

eye le 4 
2 2 2 2 2 2 
2 2 2 2 2 2 
2 2 2 2 2 2 

fi ye 1 £ 5 

2 2 2 2 2 2 
2 2 2 2 2 2 
2 2 2 2 2 2 

eye Le 6 

2 2 2 2 2 2 
2 2 2 2 2 2 
2 2 2 2 2 2 


2 2 2 2 2 2 
1 2 2 2 2 2 
2 2 2 2 2 2 


2 2 2 2 2 2 
1 2 2 2 2 
2 2 2 2 2 2 


2 12 2 12 
2 12 2 2 
2 2 2 2 2 2 


2 2 2 1 2 1 
2 2 12 2 
2 2 2 2 1 2 


2 2 2 2 2 2 
2 2 2 1 2 
2 2 2 2 2 2 


2 2 2 2 2 2 
2 2 2 2 2 
2 2 2 2 2 2 


2 2 2 2 2 2 
2 2 2 2 2 2 
2 2 2 2 2 2 


(END) 
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Stimuli Cion of the Fanout or Junction. 

the signal entering frooi the left wiLl be seen t& leS-^C £trofti 


the other three wires in cycles 
eye le Q 

2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 

222222 2 2 22222 
2 11122222222 
2 2 22222222221 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 

eye 1c 1 

2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 

22222222 2 2222 
2 2 1222222222 
1222222221212 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 

eye Le 2 

2 2 2 
2 2 2 
12 2 
2 2 2 
2 2 2 

22222 2 2222222 
2 2 2 122222 2 22 
222222222222Z 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 


and 10. 
eye le 1 

2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 

21222 2 2221221 
22 2 2 12222222 
12222 2 2 2 22222 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 

□ ye le 4 

2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 

2 2 2 2 2 12222222 
22222 122 2 222 
23222 122 2 2222 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 

cycle 5 

2 2 2 
2 2 2 
2 2 2 
3 2 2 
2 2 2 

22222 1222222 
222222 122222 
3222 2 1222222 

2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 


{eoiitinued) 
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In the5a regaining cycles,. the signals suit the other three ■wires and 
enter -dead-end wires where they axe inihilated, 


eye Le 6 

2 2 2 
2 2 2 
2 2 2 
2 2 2 


cyc-Ie 9 

2 2 2 
2 L 2 
2 2 
2 2 2 


2 12 


2 2 2 
2 2 2 
2 2 2 


222 1 22222 
2222 12222 
222 122222 
2 1 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 


2 2 2 

2222222 2 
222222222 
2222222 2 
2 2 2 
2 2 2 
2 2 
2 1 2 
2 2 2 


2 2 2 2 
2 12 
2 2 2 2 


eye le 


2 

2 

2 


2 2 2 
2 2 2 
2 2 2 


2 2 


eyele 10 

2 2 2 
2 2 
2 2 2 
2 2 2 
2 2 2 

222222222 

222222222 


2 2 2 2 
2 2 2 


2 2 2 2 2 


2 2 
2 2 
2 2 
2 2 
2 

2 2 


2 2 

2 

2 

2 

2 

2 


2 2 2 2 


cycle d 

2 2 2 
2 2 2 
2 1 2 


2 2 
2 2 2 


2 2 2 
2 2 2 
2 2 2 


222 122222 
222222 122 
222 122222 
2 2 2 
2 2 
2 12 
2 2 2 


2 2 2 


c yc la 11 

2 2 2 


2 2 2 
2 2 2 
2 2 2 
2 2 2 

222222222 
222222222 
222222222 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 


2 2 2 2 
2 2 2 2 
2 2 2 2 


(END) 
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S tmelatiart of the Two - Input/Tiro-Ou tpu t property of the June Cion 


It is seen In theae simulations that two inputs at right angles 
will result in two output signals on the other two wires t here deam¬ 
ended , 


cycle 0 

12 2 
2 2 
2 12 
2 2 2 

2112222 2 2 22 
2 122222222 
2 2222222222 
2 2 2 
2 2 2 
2 2 2 
2 2 2 


eye le J 

2 2 2 
2 2 2 
2 2 2 
2 2 2 

22221 12222 
2222 122222 
2222 1222222 
2 2 2 
2 2 2 
2 2 2 
2 2 2 


■S ye le $ 

2 2 2 
2 2 2 
2 2 2 
2 2 2 

22222222222 
2 2 2 2 2 2 122 
2 2 2 1 1 2 2222 
2 2 
2 12 
2 2 2 
2 2 2 


cycle 1 

2 2 2 
2 2 2 
2 2 
2 12 

22222221212 
2 2 1 2222222 
22222222233 
2 2 2 
2 2 2 
2 2 2 
2 22 


eye le 


2 2 2 
2 2 2 
2 2 2 


4 

2 2 2 
2 2 2 
2 2 2 
2 2 2 

2 2 2 2 2 2 
2 2 1 2 2 2 2 
2 1 . 2 2 2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 


cycle 7 

2 2 2 

2 2 2 

2 2 2 

2 2 2 

22122 2 12222 

22221 1 21 12 

22222222112 
12 2 
2 2 
2 12 
2 2 2 


cycle 2 

2 2 2 
2 2 2 
2 2 2 
2 2 

1 1 2 2 2 L 2 2 2 2 2 

2 2 2 L 2 2 2 2 2 2 

2 2 222222222 

2 2 2 

2 2 2 

2 2 2 

2 2 2 


cycle 5 

2 2 2 
2 2 2 
2 2 2 
2 2 2 

2ZZ2222222 2 
1 2 2 2 2 1 222 
22222 12222 
2 12 
2 2 2 
2 2 2 
2 2 2 


c ye le 


2 2 2 2 
2 2 2 2 
2 2 2 2 


a 

2 2 2 
2 2 2 
2 2 2 
2 2 2 

2 2 2 2 2 2 2 
2 2 2 2 2 2 
2 2 2 2 2 2 2 


2 2 2 
2 2 2 
2 2 
2 2 2 


(END) 
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The Three-In put An ih i lation Property of the Junction 


In is seen in these computer simy lations that thre* signals 
arriving simultaneously are mutually anihilated. Cye lft 5 is seen 
to be the original junction configuration r 


eyele 0 

2 2 2 
2 2 2 
2 2 
2 12 
2 2 2 

2222222211112 
2 2 1222211222 
2222212222222 
2 2 2 
2 12 
2 2 
2 2 2 
2 2 2 


cycle 3 

2 2 
2 2 
2 2 
2 2 
2 2 

2 2 2 2 2 1 
2 2 2 2 2 
2 2 2 2 2 1 
2 2 
2 2 
2 2 
2 l 
2 2 


2 

2 

2 

2 

2 

1 2 2 2 1 2 
2 2 2 1 2 2 
1 2 2 2 1 2 
2 
2 
2 
2 
2 


eye le 1 

2 2 2 
2 2 2 
2 2 2 
2 2 
2 12 

2222222222221 
2 2 2 122222222 
22222 2 2222222 
2 12 
2 2 
2 2 2 
2 2 2 
2 2 2 

cycle 2 

2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 

222222 122222 
2 2 2 2 12 2 2 2 2 2 
222222 122222 
2 2 
2 2 1 
2 2 2 
2 2 2 
2 2 2 


cycle 4 

2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 

2 2 2 2 2 2 2 2 2 2 2 
222222 222222 
22222 2 22222 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 

cycle 5 

2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 

2222222222222 
2222222222222 
2222121222221 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 


{BNP) 
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Simulation of the Extene ible Wire, 


£he signal seen propagating to the right in cycle Qwill reflect 
£roa the end of this wire (due to the extra "2" die tingoiEhing this 
wire front the dead-end configuration) generating an echo signal as seen 
in cycles 3 and 9, The wire ia also lengthened by two cells. 


cycle 

£222 
£22 
2 2 2 2 

cycle 

2 2 2 2 
2 2 £ £ 
2 2 2 £ 

eye le 

2 2 2 2 
2 2 2 2 
2 2 2 2 

eye le 

2 2 2 2 
2 2 2 2 
2 2 2 2 

eye la 

2 2 2 2 
2 2 2 2 
2 2 2 2 

cycle 

2 2 2 2 
2 2 2 2 
2 2 2 £ 


0 

eyele 6 

2 2 2 

12 2 2 

2 2 2 

2 2 2 2 2 
2 2 2 2 2 
2 2 2 2 2 

1 

cycle 7 

2 2 2 

12 2 

2 2 2 

2 2 2 2 2 
2 2 2 2 i 
2 2 2 2 2 

2 

cycle B 

2 2 2 

2 12 

2 2 2 

2 2 2 2 2 
2 2 2 1 

2 2 2 2 2 

3 

cycle S 

2 2 2 

2 2 2 

2 2 2 

2 2 2 2 2 
2 2 1 2 
2 2 2 2 2 

4 

eyele 10 

£ £ 2 
£221 

2 2 2 

2 2 2 2 2 
2 1 2 2 
2 2 2 2 1 

5 

(EHD) 

2 2 2 2 

2 2 112 

2 2 2 2 



2 

2 


2 

2 

2 


2 

£ 

2 


2 

2 

2 


£ 

2 

£ 


2 

2 

2 


2 

1 1 

2 


2 2 
2 2 
2 2 


2 2 
2 2 2 
2 2 


£ 2 
2 2 2 
£ 2 
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Simulation o£ the Meeting o£ Two Signals 

TWO Signala s^eti meeting in phaae with each other wlU mutually 
anihilate each other* 

Cycle 0 

2 2 2 2 M 2 2 2 Z 2 2 H 2 2 

12 1 2 1 1 1 2 1 2 2 2 2 1 

222222222 2 2 2 2 2 2 2 


cycle 1 

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
22222 121 2 2 2 2 2 2 
222222 22222222 2 2 


eyeIe 2 

2221222 2 22222222 
2 2 2 2 2 2 2 2 2 2 2 2 2 2 
2221222222222222 


eye le 3 

22222 2222 2 222222 
2 2 2 2 2 Z 2 Z 2 2 2 Z H 2 2 
Z Z 2 2 2 Z 2 2 2 Z 2 2 2 2 2 2 


(EETO) 


APPENDIX III: THE TWO-STATE, NINE-NEIGHBOR FINITELY CONFIGURED 

UNIVERSAL COMPUTER 


The Transition Rules- 

These rules are listed in the form ^(CabccefghR)" where 
the lett&rs "abcdefgti 11 represent the neighborhood taken either 
clockrrfj.se or conn ter-clockwise from any corner < See Appendix II 
for further explanation. 
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* The letter after each trmj11too rule indicates the purpose for 
which the rule was created. P corresponds to signs I -propagation * 
a to echo and j for the Junction properties * 
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£iBuUttod of the Signal Entering the Bead-end. 

Hie right-moving; signal of eye La aero is teen to be anfh listed 
in cycle 3 of this dead-end wire. 

c yc le {J 

L 

111 1 L 1 1 1 1 

1 1 I l 111 

111 1 L 1 

1 
1 

c yc le 1 

1 

l 

1111 11 111 
11111 11 
1111 11 

l 1 

1 

eyele 2 

I 

11111 1111 
11111111 
1 1 1 1 1 1 
1 

1 

eyele 3 

1 

1 111 1 1 1 1 1 1 
l 1 1 1 1 1 1 1 
L 1 1 1 1 1 1 
1 
1 


tEMU) 


32 


Simulation of the Extensible Wire. 

T^kj. r iftht-noving, ai gna 1 reaches the end of the ostensible wire 
with the results of extending the wire efid of generating m echo 
signal. Since the signal can reach the end o£ this wire in two 


different ph&see s both casts 

are shewn.. 
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Simulation of the Fanout Property of the Junction. 


The signal 

seer 

i en 

terin£ 

the 

.junc t ion 

from 

the 

top 

■wire 

is 




seen i 

:c 

eKit the other 

three wire*. 

For brevity k 

the 

signal 

is 




shown 

akast into 

Ch C junction in 

cyc-Le 

u. 














cycle 


0 

\ 






eye Le 


3 







eye le 


6 









l 

1 









l 

1 

1 









1 

1 

1 








1 










1 

1 

1 









1 

1 

1 





l 


1 


1 


i 





1 


1 

1 

1 


L 





l 


l 

1 

1 


l 





1 

1 

1 










1 










1 

1 

1 





111 

1 

1 

1 

1 

1 

i 

1 

i 

1 

1 

1 

1 

1 

I 

L 

1 

1 

1 

1 

1 

1 

1 


1 

1 

1 


1 

i 

i 

111 

1 

1 

1 

1 

1 

i 

1 

i 

1 

1 

1 

1 

1 


1 

L 

L 

1 

1 

1 

1 


1 

1 

1 

1 

1 


l 

i 

111 

1 

1 

1 

l 

1 

i 

1 

i 

L 

1 

1 

I 

1 

1 

1 

1 

1 

L 

I 

1 

1 

1 


1 

1 

1 


1 

i 

i 



1 

1 

l 









1 

1 

1 










1 






l 


1 

1 

l 


i 





1 


1 

1 

1 


1 





1 


1 


1 


1 





1 

1 

l 









1 

1 

i 









1 

1 

1 







1 

1 

1 









l 

1 

1 









1 

1 

1 





eye Is 


1 







cycle 


4 







oyo le 


7 









I 

1 

1 









1 

L 

1 









1 

1 

1 







1 

1 

1 









1 

1 

1 









1 

1 

1 





1 



I 



i 





1 


1 

1 

1 


1 





1 


1 

1 

1 


1 





1 


1 









1 

1 

1 









1 

1 

1 





1 1 l 

1 

1 

l 

1 

1 

i 

1 

i 

L 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 


1 

1 

1 

1 

1 


i 

L 

1 1 1 

1 

1 

1 

1 

J. 

i 

1 

i 

1 

1 

1 

l 


1 


1 

L 

1 

1 

1 


1 

1 

1 

1 

1 

1 

1 


1 

111 

1 

1 

1 

1 

1 

i 

1 

i 

L 

1 

1 

1 

1 


1 

1 

1 

1 

1 

1 

l 


1 

1 

l 

1 

1 


l 

1 



1 

1 

1 









1 

1 

1 









1 

1 

1 





1 


1 

1 

1 


i 





1 


1 

1 

1 


1 





1 



1 



1 





1 

1 

1 









1 

1 

1 









L 


1 







1 

1 

1 









1 

1 

1 









1 

1 

1 





■eye le 


2 







c ye Le 


5 







eye le 


a 









1 

1 

1 









1 

1 

1 









L 

1 

1 







1 

1 

1 









1 

1 

1 









l 

1 

1 





1 


L 

1 

1 


i 





1 


1 

1 

1 


1 





1 


L 

1 

1 


i 






1 










1 

1 

1 









1 

1 

1 





1 1 1 

1 

1 


L 

1 

i 

1 

i 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 


1 

1 

L 

1 

1 

1 

i 


L 

1 1 1 

1 

1 

L 

1 

1 

i 

1 

i 

1 

1 

1 


1 

1 

1 


1 

1 

1 


1 

1 

1 

1 

1 

1 

1 

i 

i 


111 

1 

1 

1 

1 

1 

i 

1 

i 

1 

1 

1 

l 


1 


1 

L 

l 

1 

l 


1 

1 

l 

1 

I 

l 

l 


L 



1 

1 

1 









] 


1 









L 

1 

I 





1 


1 

1 

1 


i 





1 


1 

1 

1 


1 





L 


l 

1 

1 


i 





1 

1 

1 









1 

1 

1 










1 








l 

1 

l 









1 

1 

1 









l 


1 






(EHD) 


84 


Simulation of the Twa-Jnput Anihilaticm Property of the Junction. 


Twd £ 1 goals seen entering the junction in cycle 0 are mutually 
anihlisted in cycles 3 and 4. 
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Simitation of the Three-Input Property of the Junction. 


Three sirnultanecjug inputs entering the junction are anihilated 
ae seen in eyeLeg 3 to 4. 
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S tou La tion of the Operation of the Phase Convertor Element* 


The phase convertor 1 e purpose ia to inafce the phase of a 
signal uniform regardless of its phase on entry, litre we illustrate 
both cases of entry phase with one signal by putting the upper 
half of the signal in one phase (an entra 1) and the lower half 
in the o ther. 
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APPENDIX IV; THE FOUR-STATE UNIVERSAL CONSTRUCTOR 
The Transition Rules, 


These rules are Listed in, the fern ll! {CHtSWR> rr , See Appendix. II 
for further' explanation. 
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Computer Simulation of the Signal in the Hire and the Dead-and* 

The aigna1 seen moving to the right is destroyed in cycles 4 

and 
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The S Inflation of the Fanout Property of Che Junction- 


The signal sevn entering from the left in cycle 0 fans out the 
athe? three wires in cycles 7 and £. Notice the delay of one cycle 
in cycles 3< and, 4, 
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Simulation of the Two-Input/Two-Output Property of the .Junetion. 


The two- signals entering the junction at fight Artgl&S Are seen 
suiting the other two wires in cycles 6 and 7, In thi* GASe there 
is no de lay r 
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Simulation of the Anihilation Properties of the Junction, 
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Simulotion of the Creation of Single Wing Signal from Logic Signal* 


The 11 12' 1 type logic signal entering this device in Cycle 0 Is 
seen to become a single wing signal propagating Out the shinny wire 
in c yc lea* 5 through 9 . 
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Simulation of the Creation of the Constructing Art;, 


Hia collision of two of 

the previous single 1 
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the am b-ud shown in cycle 
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the gap *t the arm's base. 




cycle 0 

eyele 7 







1 1 

1 



xx 1 x x x 1 x x 

XXX K X X 

X X 

X 

eyele 1 

c ye lc & 




X 




X 



1 1 




X X X 1 K 1 X X X 

1 X X X X X 

X X 

1 

eyds 2 

eye le 9 




X 




X 



1 I 

1 


1 

xxxxxxXKX 

X 1 X X x x 

X 1 

X 

cycle 3 

cycle 10 




X 




X 



2 

1 

1 


kxxxkkxkx 

X X 1 X X X 

1 X 

X 

cycle 4 

cycle 11 




X 



X 

X 



X X 

1 

1 


KXXXXXXXX 

XXX 1x1 

X X 

X 

c yc le 5 

cycle 12 




X 



X 

X 



X 1 X 

1 1 



XXKXXXXXX 

X X X X X X 

X X 

x 

cycle 6 

cycle LI 




X 



2 

X 



1 x l 

X 



XKXXXXXXX 

X X X X X X 

X X 

X 


creates 
fill in 


(EOT) 
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Siou laticm of cbe Lengthening of the Arm. 


TvrO single-ving i 

iignale colliding ad Che 

arm 1 a base cause 

doublc-ving signal to 

propagate out the arnu 

This? double -wing 

lengthens the ara and 

generates An echo signal 



cycle 0 

□ yc Le 

4 

cycle 

e 

X 

X 


X 


It 1 

X 


X 


1 

x i 


X 


X X X X x X 

X X 1 

XXX 

XXX 

x L x 

1 

X i 


X 


X 1 

X 


X 


X 

X 


X 


cyclo 1 

eye La 

5 

eye le 

9 

X 

X 


X 


X 

X 


X 


X 1 

X 1 


X 


X X X X X X 

XXX 

1 X X 

XXX 

L xx 

X 1 

X 1 


X 


s 

K 


X 


X 

X 


X 


eye Je 2 

cycle 

6 

cycle 

10 

X 

X 


X 


X 

X 


X 


X 

X 

1 

X 


X 2 X X X X 

X X X 

X 1 X 

X x 1 

XXX 

X 

X 

1 

X 


X 

X 


X 


X 

K 


X 


cycle 3 

cycle 

7 

cycle 

11 

X 

X 


X 


X 

X 


X 


X X 

X 

1 

X 


K 1 X K X X 

XXX 

x x 2 

X 1 

X X X X 

X x 

X 

1 

X 


X 

X 


X 


X 

X 


X 



(ENT.) 
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Tli« Process of Construe tion by Use of the. Era S ing-Hing Signal-, 

formally the return of the echo signal of in the previous 
Simulation results til a gap Left at the base of the arm. This gap 
is filled as Shown in an earlier Simulation. However, if two more 
single-wing signals are synchronized with the return of the echo as 
shown in these simulations., then the erasing-uing is created, l^ian 


this 

eras leg wing 

reaches the 

arm 

■s 

the end of where 

the arm was + 




eye le 

0 

eye le 


4 


X 


X 




X 1 


X 




1 


x 1 




X x X 

X X 1 XX 

X 1 

X 

X 

K 

1 


X l 




X 1 


X 




X 


K 




eye Le 

1 

cycle 


5 


X 


X 




X 


X 




X 1 


X 1 




K K X 

x L xxx 

x 2 

1 

X 

X 

X 1 


x 1 




X 


X 




X 


X 




cycle 

2 

cycle 


L, 


X 


X 




X 


X 




X 


X 

1 



X 4 X 

I K X X X 

X 


1 

X 

X 


X 

1 



X 


X 




X 


X 




eye la 

3 

eye le 


7 


X 


X 




X 


X 




X X 


X 


1 


Jt 1 1 

X X X X X 

X 



1 

X X 


X 


1 


X 


X 




X 


X 





end, it deposits an k just beyond 


eye la 6 
x 

X 

X 1 

St it It x 1 X x 

X L 

x 

X 

cycle 9 

x 

5 ? 

X i 

XXX X 1 31 

15 1 

X 
X 

cycle 10 
x 

X 

X 1 

X X K X 2 

X 1 

X 
St 

cycle II 
X 
X 
X 

XXX X X 

X 
X 
X 

(EHD> 
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Simulation of Three Cases of Che Erasing-Wing Beaching the AlW** End. 

Three cases are shown for the erasing-wing signal reaching the 
end of the arm. Tires a three cases correspond to the allowable 
configurations of k's already in the construction zono+ The case of 
the arm's having Co deposit an x between two existing x r 0 never 
occurs. 


cycle 0 
1 

I X It X. X X 

1 

cycle 1 

1 

l X X X X 

1 

cycle 2 
1 

1 X X X 

L 

cyde 3 
L 

lx x 
l 

c yc 3 e 4 
1 

2 x 
i 

eye le 5 


x X 


eye It 0 

1 x 

1 X X K X 

I 

cycle 1 

1 x 

1 X X X 

1 

cycle 2 

1 x 

1 x x 

1 

cycle 3 

1 x 
1 X 

1 

c yc le 4 

1 X 

l 

\ 

eyele 5 

X 

X 


(END) 


cycle 0 

1 * 

1 K X X X X 

i 

eyele 1 

1 X 

1 X X X X 

1 

eyele 2 

1 x 

1 X X 3t 

1 

eye Le 3 

1 x 

lx x 

1 

cyde 4 

1 x 
2 x 

1 

cycle 5 

x 

X X 


(END) 


(END) 
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Sinruiation of the Activation Element. 


An era e ing-win g signal seen entering, this element in cycle 0 
is seen to create a r '12 ,p type signal in cycles 6, 7 and a. The 
garbage left blacking the entrance after cycle 11 can be removed 
(see a later simulation). 


cycle 0 
X 

XXX 

1 X X X It X X 

1 X X 

l X X X X X X 

XXX 
X 

cycle 1 
x 

X X K 

1 X X X X X X 

1 X 

1 XXXXXX 

XXX 
X 

c yc La 2 

x 

XXX 

1 X X x X X X 

2 

1 X X X X X x 

XXX 
X 

cycle 3 

X 

1 X X 

2 x x x x x x 
2 X X X X X X 

1 X X 

x 

c yc le 4 

x 

X jt 

2 x x x x x x 

1 

2 X X X K X X 
X X 

X 


cycle 5 
x 

x x 

X x X X X X X 

2 1 

x x x x x x x 
X X 
X 

cycle 6 
x 

X X 

X X X X X X X 

1 2 1 

X X X X X X X 
X X 
X 

eye le 7 
x 

X X 


X 

1 

X 

X 


X X X 

1 

2 


2 

1 


X 

1 


X 

X 

K X X 


X X 
X 


cycle 3 
x 

X X 

12xxXxxx 
2 x 2 1 
ISxxxxxx 
X x 
x 

cycle 9 
x 

X X 

2 XXXXXX 
x 2 x 2 1 

2 X X H X K X 

X X 
X 


cycle 10 
X 

XXX 

xl XX X XXX 

2 l 

xl xxxxxx 
XXX 
X 

cycle 11 
x 

1 at x 

2 x x x x x 

1 

2 xxxxxx 

1 x x 
x 


cycle 12 
x 

X X 


X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 


X X 
X 


eye le 13 
X 

X X 

K XXXXXX 

X XXXXXX 

X X 
X 

{END} 


w x 


Simulation of (Jit process of Clcanlng-up the Activation Element. 

The process of activation in the pretending simulation loaves 
some garbage blocking the entrance to the activation element* By 
the standard construction process discussod ear Liar t the dirty 
activation element can be transformed into the configuration in 
cycle £)► Then an erasing-wing seen entering from the left will 
destroy this garbage. 


eyele 0 


K K 

1 

1 x x x 
1 x 


X 

X X 

X X X X X X 

X X X X X X 

x x 

X 


e ye le 5 

x 

X X 

1 X K X X X X 

I 

l X X X X X X 

X X 
K 


cycle 1 


X X 

1 

lx k 

L K 


X 

X X 

x x x x x x 

X X X X X X 
X X 
X 


eye le & 

X 

X X 

1 X X X X X X 

1 X £ X X X X 

K K 
X 


cycle 2 

X 

X X 


X X 

K 

X 

X 

XXX 

l 





1 X 

X 

X 

X 

X X X 

1 X 

X X 





X 


cycle 7 

x 

X X 

X X X X X X 

L 

K X X X X X 
K X 
X 


cycle 3 

X 

X X 

XX XXXKXX 

1 

1 X X X X X X 

lx X X 

X 

cycle 4 

K 

X X 

lx kxxxkk 

1 

X K K X K K 

i x« 

X 


cycle S 

x 

X X 

X X X X X X 

X X X K K 3t 
X X 
X 

(E?TD) 


99 


REFERENCES 

1. von Neumann, John , Theory of ge lf-Reproduelng Automata . Edited 
by A, W. Rurks , Univ. of ILL. Press, Usrbana and London, 1966. 

2, Codd, El F-, CeLltil&y Automata , Academic Ersaa s Inc . , N^w York 
and London, I^bEl l 

3 ■ Minaky, Marvin L, , Computationi Finite and Infinite Machines , 
Prenticc-PUi 11, Inc., EngLewnod Cliffs, R, Jl, 19‘67 , 

4* Minsky 3 Marvin L. , and Seymour papert, Per Citrons . MIT Press, 
Cambridge, Maas, and London, 1969. 

5 . Smith, Alvte Ray, III, "Simple Computation Universal Cellular 
graces" In Ninth Annual Symposium on Switching and Automata 
Theory, IEEE, Hew York, l%fS. 

6. Smith, A. ft. Ill, "Cellular Automata Theory", Technical ^-cpcct 
Ho. 2, Digital Systems liibs , Stanford Univ., L969. 

7. Smith, A. R. Ill, "Cellular Automata and Poms L Languages” in 
Eleventh Annual Symposium on Switching and Automata Theory, 

IEEE, JJev York ,1970. 

b, Renniej F, C-, III, Iterative Arrays of Logical Circuits , 

jointly by HIT Press and Wiley Sons, Inc., Hew York and London, 
1961. 

9. Winograd, Teery, "A Simple Algorithm for Self-Replication”, HIT 
Project MAC Artificial Into 1 licence Memo No. 197, 1970 and 1967, 

10. Banks, Edwin Roger, "Cellular Automata"* MIT Project MAC Artificial 
Intelligence Memo No, 198, 1970. 

11. Shoup, Richard G, "Frog trammabla Cellular Logie Arrays", ph.D. 
thesis, Carnegie-MelIon Univ., Pittsburg, pa., Marth 1970. 

12. Bdyfct, Wendell Terry, "Recognition of Topo I agl.ca 1 Invariants by 
Iterative Arrays", MIT Project MAC Technical Report Ho TR-66, 1969. 

13. Ms ore, E- F.* ''Machine Models of Self-Reproduction", Froc, Symp. 
Applied Math, XIV, 1961. 







14. ^use, Konrad t Rec hr.cn.dc r Ra jam , S c-h.tr J- £ e'en, 7.ni? Pa ten verar be i tun ft , 
Vo 1 I, Fra id r . Vieweg ar.d Sotin, Braunschweig, 1969* 

15. Amoroso, fl., E. Lieblein and H, Yamada, "A Unifying Framework 
For tlia Theory of Iterative Arrays of Machines ACM Symons Una 
an Theory of Commuting, May, I9b9, 

lb. Conway, John, '"Ma diemstica l Caivies" (edited by Martin Gardner) 
Scientif ic American, Oct. t 1970^ 





